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ABSTRACT 
RESOURCE ANALYSIS: WATER AND ENERGY AS LINKED RESOURCES 
r e  1 
mos 
Energy and water a re  l i n k e d  resources. Th is  p i l o t  s tudy examines t he  
onship between energy and water from a d i r e c t i o n  oppos i te  t o  t h a t  of 
t ud ies .  We are  concerned here w i t h  e v a l u a t i n g  t he  energy requ i red  t o  
supply and t r e a t  water, r a t h e r  than w i t h  t h e  water requirements of energy 
product ion.  The pr imary energy requirements f o r  t h r e e  sec to rs  o f  water man- 
agement--municipal water  supply,  mun ic ipa l  sewage treatment,  and water  f o r  
i r r i g a t i o n - - a r e  evaluated. S i x  major  c i t i e s ,  Chicago, Denver, Los Angel es, 
New Orleans, San Antonio, and S t .  Louis,  a r e  used as i n d i c a t o r s  o f  t he  na- 
t i o n a l  t r e n d  i n  energy requirements t o  supply  water t o  m u n i c i p a l i t i e s .  Na- 
t i o n w i  de da ta  p rov ided  by t he  f ede ra l  Envi ronmental P r o t e c t i o n  Agency f o r  
1977 and 1990 are  used t o  determine the  r a t e  o f  change o f  energy r e q u i r e d  t o  
t r e a t  mun ic ipa l  sewage over  t h i s  per iod.  The energy requ i red  t o  supply water 
f o r  i r r i g a t i o n  i s  est imated f o r  t h ree  reg ions  i n  t h e  Southwest: Kern County, 
C a l i f o r n i a ;  t h e  Texas h i g h  p l a i n s ;  and San Carlos, Ar izona. 
H i s t o r i c  t rends and prospects f o r  f u t u r e  development a re  used t o  es- 
t ima te  f u t u r e  energy requirements f o r  each o f  these water sectors .  The pro-  
j e c t i o n s  a re  compared t o  expected increases i n  n a t i o n a l  energy consumpti on. 
The r e s u l t s  i n d i c a t e  t h a t :  
1. Regional d i f f e r e n c e s  i n  t h e  amount o f  energy needed t o  supply 
water  a re  very l a rge ,  i nc reas ing  i n  some places and decreasing i n  
o thers .  
2. S i g n i f i c a n t  nat ionwide increases a re  l i k e l y  f o r  t h e  energy r e -  
q u i r e d  t o  t r e a t  sewage. 
3. N o n c r i t i c a l  shor t - te rm increases w i l l  occur i n  t he  t o t a l  energy 
requirement t o  supply i r r i g a t i o n  water, b u t  a f t e r  t h e  y e a r  2003, 
t he  Southwest faces an ext remely d i f f i c u l t  cho ice  i n  ba lanc ing  
i t s  resources o f  energy, water,  and a g r i c u l t u r a l  land, p a r t i c u l a r -  
l y  i n  l i g h t  o f  i t s  growing urban demands. 
Lounsbury , Margaret; Hebenstrei t ,  Sandra ; Berry, R. Stephen 
RESOURCE ANALYSIS: WATER AND ENERGY AS LINKED RESOURCES 
Final report t o  the Water Resources Center, University of I l l i n o i s ,  Urbana, 1978. 
KEYWORDS: *water/ *energy/ *i r r iga t i  on/ *municipal water/ energy analysis/ 
municipal sewage treatment/ growth ra te  in the energy required to  supply and 
t r e a t  water/ energy and water for  i r r igat ion/  energy requirements t o  supply 
water/ energy requirements to  t r e a t  water 
CONTENTS 
Page 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii 
FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v i  i 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TABLES x i  
PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . .  x v i i  
ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . .  xx i 
1 . INTRODUCTION . . 
2 . WATERSUPPLY . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
Chicago . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
S t  . Lou is  . . . . . . . . . . . . . . . . . . . . . . . . . .  20 
New Orleans . . . . . . . . . . . . . . . . . . . . . . . . .  25 
Denver . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 
San Antonio . . . . . . . . . . . . . . . . . . . . . . . . .  41 
Los Angeles . . . . . . . . . . . . . . . . . . . . . . . . .  49 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  Sumrnary 60 
3 . SEWAGETREATMENT . . . . . . . . . . . . . . . . . . . . . . . .  67 
Data Source . . . . . . . . . . . . . . . . . . . . . .  
Types o f  Sewage Treatment P lan t s  . . . . . . . . . . .  
Energy Requirements f o r  D i f f e r e n t  Treatment Processes . 
Organ iza t ion  o f  Geographic Regions . . . . . . . . . .  
Regional Sewage Treatment Capaci ty  . . . . . . . . . .  
Regional Energy Requirements f o r  Sewage Treatment by 
Treatment Type . . . . . . . . . . . . . . . . . . .  
Na t i ona l  Energy Requirements f o r  Sewage Treatment by 
Treatment Type . . . . . . . . . . . . . . . . . . .  
Regional Comparisons o f  t he  Combined Energy f o r  Sewage 
Treatment . . . . . . . . . . . . . . . . . . . . .  
Na t i ona l  Energy Requirements f o r  Sewage Trea tn~en t  i n  
Perspec t i ve . . . . . . . . . . . . . . . . . . . .  
4 . IRRIGATION . . . . . . . . . . . . . . . . . . . . . . . . . . .  118 
Kern County I r r i g a t i o n  Area . . . . . . . . . . . . . . . . .  122 
I r r i g a t i o n  i n  t he  High P la ins  o f  Texas . . . . . . . . . . .  144 
San Car los I r r i g a t i o n  P r o j e c t  . . . . . . . . . . . . . . . .  162 
5 . CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . .  179 
ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . .  181 




11 Chicago Water Supply Systern 
H i s t o r i c  and P ro j ec ted  Prirnary Energy Requirement per  U n i t  o f  
Water Suppl i ed f o r  t h e  Chicago Water Supply System 
H i s t o r i c  and P r o j e c t e d  To ta l  Annual Pr imary Energy Consumption 
f o r  t h e  Chicago Water Supply System 
H i s t o r i c  and P ro j ec ted  To ta l  Annual Pr imary Energy Consumption 
f o r  t h e  S t .  Lou is  Water Supply System 
H i s t o r i c  and P ro j ec ted  To ta l  Annual Pr imary Energy Consumption 
f o r  t h e  New Or1 eans Water Supply System 
Denver Water Supply System 
H i s t o r i c  and P ro j ec ted  Pr imary Energy Requirement per  U n i t  o f  
Water Supp l ied  f o r  t h e  Denver Water Supply System 
H i s t o r i c  and P ro j ec ted  To ta l  Annual Pr imary Energy Consumption 
of  t h e  Denver Water Supply System 
Depth t o  Groundwater f o r  t h e  San An ton io  Water Supply System 
H i s t o r i c  and P ro j ec ted  Pr imary Energy Requirement per  U n i t  o f  
Water Suppl i e d  f o r  t h e  San An ton io  Water Supply System 
Hi  s t o r i c  and P ro j ec ted  To ta l  Annual Pr imary Enei-gy Consumption 
f o r  t h e  San Antot l io  Water Supply System 
Los Angeles Water Supply System 
H i s t o r i c  and P ro j ec ted  Pr imary Energy Requirements t o  Supply a 
U n i t  o f  Water f o r  t h e  Los Angeles Water Supply System 
H i s t o r i c  and P ro j ec ted  To ta l  Annual Pr imary Energy Consumption 
f o r  t h e  Los Angeles Water Supply System 
Flow Diagram f o r  Chicago Water Showing Where Energy I s  Consumed 
Water Resource Regions 
Energy f o r  Sewage Treatment Geographic Regions o f  Ana l ys i s  
Based on Water Resource Regions 
Pr imary and Secondary Energy Consumption by Type o f  Sewage 
Treatment i n  t h e  P a c i f i c  Northwest 
Page 
101 
Pr imary  and Secondary Energy Consumption by Type o f  Sewage 
Treatment i n  C a l i f o r n i a  
Pr imary and Secondary Energy Consumption by Type o f  Sewage 
Treatrnent i n  t h e  Grea t  Basin, Lower Colorado, Upper 
Colorado, and R i o  Grande 
Pr imary and Secondary Energy Consumption by Type of Sewage 
Treatrnent i n  t h e  F l i ssour i  Bas in  and P a r t  o f  Souris-Red-Rainy 
Pr imary and Secondary Energy Consumption by Type o f  Sewage 
Treatment i n  the  Arkansas-Whi te-Red and Texas G u l f  
Pr imary and Secondary Energy Consumption by Type o f  Sewage 
Treatri ient i n  t h e  Upper F1l ississi  p p i  and Pa r t s  o f  Souris-Red- 
Rainy and Grea t  Lakes 
Pr imary and Secondary Energy Consumption by Type o f  Sewage 
Treatment i n  t h e  Lower M i s s i s s i p p i  
Pr imary and Secondary Energy Consumption by Type of Sewage 
Treatment i n  t h e  Ohio and Tennessee 
Pr imary and Secondary Energy Con:;urn~tion by Type of  Sewage 
Treatment i n  t h e  South A t l a n t i c  G u l f  
Pr imary and Secondary Energy Consumption by Type of Sewage 
Treatment i n  t he  M i d - A t l a n t i c  and P a r t  o f  t he  Grea t  Lakes 
Pr imary and Secoridary Enerqy Consumption by Type o f  Sewaqe 
Treatrr~ent i n  New England 
Prirnary and Secondary Energy Consumption by Type o f  Sewage 
Treatment i n  Alaska and Hawaii 
P r imary  and Secondary Energy Consumption by Type of Sewage 
Treatment i n  t h e  Un i t ed  S ta tes  
Pr imary  and Secondary Energy Consumption f o r  Sewage Treatment 
by Geographic Region 
H i s t o r i c  Withdrawal o f  Water f o r  Ma jo r  Uses 
H i s t o r i c  Consumption o f  Water f o r  Major  Uses 
I r r i g a t e d  Acreage i n  Kern County, C a l i f o r n i a  
Re1 a t i o n s h i  p between Ove ra l l  P l a n t  E f f i c i e n c y  and K i l o w a t t  





Water Leve l  Contours i n  Kern County 
Es t ima ted  Depth t o  Groundwater i n  Kern County 
P r o j e c t e d  Water S u p p l i e s  f o r  Kern County I r r i g a t i o n  
Pr imary  Energy Requi red t o  O b t a i n  Water f o r  I r r i g a t i o n  i n  
Kern County 
T o t a l  P r imary  Energy Requi red t o  O b t a i n  S u r f a c e  Water f o r  
I r r i g a t i o n  i n  Kern County 
T o t a l  P r imary  Energy Requi red t o  O b t a i n  Water f o r  I r r i g a t i o n  
i n  Kern County 
The High P l a i n s  o f  t h e  West -Cent ra l  U n i t e d  S t a t e s  
The N o r t h e r n  and Southern H igh  P l a i n s  
P r i n c i p a l  I r r i g a t i o n  Areas i n  Texas 
L o c a t i o n  o f  t h e  O g a l l a l a  A q u i f e r  
Acres I r r i g a t e d  and Depth t o  Water T a b l e  i n  t h e  Hiqh P l a i n s  
o f  Texas 
T o t a l  P r i m a r y  Energy t o  Supply w a t e r  f o r  I r r i g a t i o n  i n  t h e  
Texas H i g h  P l a i n s  
P r i m a r y  Energy Requi red p e r  M i l l i o n  G a l l o n s  o f  Water Obta ined 
f o r  I r r i g a t i o n  i n  t h e  Texas High P l a i n s  
Proposed T r a n s f e r  o f  Water W i t h i n  Texas 
Average S t a t i c  Water L e v e l s  f o r  A1 1 P r o j e c t  We1 1 s d u r i n g  t h e  
Years 1936-1977 f o r  t h e  San C a r l o s  I r r i g a t i o n  P r o j e c t  
H i s t o r i c  and P r o j e c t e d  P r i ~ ~ i a r y  Energy Requirement p e r  U n i t  o f  
Water S u p p l i e d  f o r  t h e  San C a r l o s  I r r i g a t i o n  P r o j e c t  
H i s t o r i c  and P r o j e c t e d  T o t a l  Annual P r imary  Consumption f o r  
t h e  San C a r l o s  I r r i g a t i o n  P r o j e c t  
TABLES 
Page 
1. Suburban Communities P r e s e n t l y  Served by  t h e  Chicago Water 
Supply Sys tem 10 
2. H i s t o r i c  Water Consumption and Pr imary Energy Requirements 
f o r  t h e  Chicago Water Supply System 12 
3. P l an  1-Pro jected Water A l l o c a t i o n s  f o r  O u t l y i n g  Chicago Suburbs 14 
4. P lan  2-Projected Water A l l o c a t i o n s  f o r  O u t l y i n g  Chicago Suburbs 15 
5. P ro j ec ted  Water Demand f o r  t h e  Chicago Water Supply System 16 
6. P ro j ec ted  Pr imary Energy Consumption Based on P lan  1 f o r  t h e  
Chicago Water Supply System 17 
7. P ro j ec ted  Pr imary Energy Consumption Based on P lan  2 f o r  t h e  
Chicago Water Supply System 17 
8. P ro j ec ted  Popu la t i on  t o  Be Served by  t h e  S t .  Lou is  Water Supply 
Sys tem 2 1 
9. H i s t o r i c  Water Demands and Pr imary Energy Requirements o f  t h e  
S t .  Lou i s  Water Supply System 22 
10. P ro j ec ted  Water Demand and Pr imary Energy Consumption o f  t h e  
S t .  Lou is  Water Supply System 2 3 
11. H i s t o r i c  Water Demands and Pr imary Energy Requirements o f  t h e  
New Or1 eans Water Supply System 2 7 
12. P ro j ec ted  Water Demand o f  t h e  New Or leans Water Supply System 28 
13. P ro j ec ted  Pr imary Energy Requirements o f  t h e  New Or1 eans Water 
Supply System 28 
14. Comparison o f  t he  Pr imary Energy Requirement per  U n i t  o f  Water 
Supp l ied  f o r  New Orleans and Chicago 30 
15. P r o j e c t e d  Popu la t i on  t o  Be Served by t h e  Denver Water Supply System 33 
16. H i s t o r i c  Water Clemand o f  t he  Denver Water Supply System 3 5 
17. H i s t o r i c  Pr imary Energy Requirement per  U n i t  o f  Water Supp l ied  
f o r  t h e  Denver Water Supply System 3 5 
18. P ro j ec ted  Water Demand o f  t he  Denver Water Supply System 3 6 
Page 
P r o j e c t e d  P r i m a r y  Energy Requirement p e r  U n i t  o f  Water S u p p l i e d  
f o r  Scenar ios  1 and 2 f o r  t h e  Denver Water Supp ly  System 3 7 
P r o j e c t e d  T o t a l  Annual P r imary  Energy Consumption f o r  Scenar ios  
1 and 2 f o r  t h e  Denver Water Supp ly  Systerr~ 3 9 
H i s t o r i c  Water Demand and P r i m a r y  Energy Requirements f o r  t h e  
San A n t o n i o  Water Supp ly  System 44 
F u t u r e  P r i m a r y  Energy Requirements f o r  Supplemental  S u r f a c e  
Water Supp ly  f o r  t h e  San A n t o n i o  Water Supp ly  System 4 5 
P r o j e c t e d  P r i m a r y  Energy Requirement p e r  U n i t  o f  Water S u p p l i e d  
f o r  t h e  San A n t o n i o  Water Supp ly  System 4 7 
F u t u r e  Water Demand o f  t h e  San A n t o n i o  Water Supp ly  System 4 7 
P r o j e c t e d  P r i m a r y  Energy Requirements o f  t h e  San A n t o n i o  Water 
Supp ly  System 49 . 
Water Supp ly  Sources and Wi thd rawa l  L i m i t s  o f  t h e  Los Angeles 
Water Supp ly  System 52 
H i s t o r i c  Water Demand o f  t h e  Los Ange les  Water Supp ly  System 5 4 
P r o j e c t e d  P o p u l a t i o n  t o  Be Served by t h e  Los Ange les  Water Supp ly  
Sys tem 5 4 
P r o j e c t e d  Water Demand o f  t h e  Los Angeles Water Supp ly  System 55 
H i s t o r i c  P r i m a r y  Energy Requirement p e r  U n i t  o f  Water S u p p l i e d  
f o r  t h e  Los Angeles Water Supp ly  System 55 
P r o j e c t e d  P r i m a r y  Energy Requ i red p e r  U n i t  o f  Water S u p p l i e d  
f o r  t h e  Los Ange les  Water Supp ly  System 5 7 
P r o j e c t e d  T o t a l  Annual P r i m a r y  Energy Consumption o f  t h e  Los 
Ange les  Water Supp ly  System 57 
P r o j e c t e d  Changes i n  t h e  Energy Requ i red t o  Supp ly  a U n i t  o f  
Water and T o t a l  Annual Energy Consumption 6 1 
Average P r i m a r y  and Secondary Energy Requirements f o r  D i f f e r e n t  
K inds o f  TPeatment P l a n t s  Based on USEPA D r a f t  Data  7 3 
Average Pr imary  and Secondary Energy Requirements Used i n  T h i s  
R e p o r t  f o r  D i f f e r e n t  K inds o f  T rea tmen t  P l a n t s  74 
Page 
Average D i r e c t  and Secondary Energy Requirements f o r  D i f f e r e n t  
K-inds o f  Treatment P lan t s  Based o n  USEPA D r a f t  Data 7 5 
I t em ized  P l a n t s - P a c i f i c  Northwest:  Washington, Oregon, Idaho 7 9 
I tea i zed  Plants-Cal i f o r n i a  8 0 
I t em ized  Plan ts-Grea t Basin, Lower Colorado, Upper Colorado, and 
R i o  Grande: Nevada, Utah, Ar izona,  Colorado, New Mexico 8 1 
I t em ized  Plants-Missour i  Basin and P a r t  o f  Souris-Red-Rainy: 
Montana, Wyoming, No r th  Dakota, South Dakota, Nebraska 82 
I t em ized  Plants-Arkansas-Whi te-Red and Texas Gu l f :  Kansas, 
Oklahoma, Texas 8 3 
I t em ized  P l  ants-Upper M i  s s i s s i  pp i  wi  t h  P a r t  Sour i  s-Red-Rai ny and 
P a r t  o f  Grea t  Lakes: Minnesota, Wisconsin, Iowa, I 1  1 i n o i s ,  
Mich igan 8 4 
I t em ized  Plants-Lower M i s s i s s i p p i :  Arkansas, Louis iana,  
M i s s i s s i p p i  8 5 
I t em ized  Plants-Ohio and Tennessee: Ind iana ,  Ohio, Kentucky, 
West V i r g i n i a ,  Tennessee 8 6 
I temized  Plants-South A t l a n t i c  G u l f :  Alabama, Georgia, South 
Carol  i na ,  Nor th  Carol i na ,  F l o r i d a  87 
I t em ized  P lan t s -M id -A t l an t i c  and P a r t  o f  Great  Lakes: New York, 
Pennsylvania,  New Jersey,  Delaware, Maryland, V i r g i n i a ,  D i s t r i c t  
o f  Columbia 88 
I t em ized  Plants-New England: Maine, Vermont, New Hampshire, 
Massachusetts, Connect icut ,  Rhode I s l a n d  89 
I t em ized  Plants-Alaska 
% 
I t em ized  Plants-Hawai i  
Regional  D i s t r i b u t i o n  o f  Small Capaci ty  and Large Capaci ty  Sewage 
Treatment P lan t s  93 
Pr imary and Secondary Energy and Capaci t y  Summary-Paci f i c  
Northwest:  Washington, Oregon, Idaho 94 
Pr ioiary and Secondary Energy and Capac i ty  Summary-California 9 4 
Page 
Pr imary  and Secondary Energy and Capac i t y  Summary-Great Basin,  
Lower Colorado, Upper Colorado, and R i o  Grande: Nevada, Utah, 
A r i zona ,  New Mexico, Colorado 9 5 
Pr in iary  and Secondary Energy and Capac i t y  Summary-Missouri Bas in  
and P a r t  o f  Sour is-Red-Rainy:  Montana, Wyoming, N o r t h  Dakota, 
South Dakota, Nebraska 9 5 
P r i r r ~ a r y  and Secondary Energy and Capac i t y  Summary-Arkansas-Whi t e -  
Red and Texas G u l f :  Kansas, Oklahoma, Texas 96 
Pr imary  and Secondary Energy and Capac i t y  Su~nrnary-Upper M i s s i s s i p -  
p i ,  w i t h  P a r t  o f  Sour is-Red-Rainy and P a r t  o f  G r e a t  Lakes: 
Minnesota,  Wisconsin, Iowa, I l l i n o i s ,  M ich igan  9 6 
Pr imary  and Secondary Energy and C a p a c i t y  Surnrnary-Lower M-i s s i  s s i  p- 
p i :  Arkansas, Lou is iana ,  M i s s i s s i p p i ,  M i s s o u r i  97 
Pr imary  and Secondary Energy and Capac i t y  Summary-Ohio and 
Tennessee: Ind iana ,  Ohio, Kentucky,  West V i r g i n i a ,  Tennessee 9 7 
Pr imary  and Secondary Energy and Capac i t y  Summary-South A t l a n t i c  
G u l f :  Alabama, Georg ia ,  South C a r o l i n a ,  N o r t h  C a r o l i n a ,  F l o r i d a  98 
Pr i r r~a ry  and Secondary Energy and Capac i t y  Summary-Mid-Atlantic 
and P a r t  o f  Grea t  Lakes: New York, Pennsy lvan ia ,  New Jersey ,  
Delaware, Mary land,  V i r g i n i a ,  D i s t r i c t  o f  Columbia 98 
Pr imary  and Secondary Energy and Capac i t y  Summary-.New England: 
Maine, Vermont, New Hampshire, Massachusetts,  C o n n e c t i c u t ,  
Rhode I s l a n d  99 
Pr imary  and Secondary Energy and Capac i t y  Summary-Alaska and 
Hawa i i 99 
Pr imary  and Secondary Energy Requi red t o  Accompl ish T e r t i a r y  
Treatment 108 
U n i t e d  S t a t e s :  P r imary  and Secondary Energy and C a p a c i t y  Summary 109 
Percentage o f  T o t a l  Pr imary  and Secondary Energy f o r  Sewage 
Treatment Requi red by Each Treatment  Process i n  t h e  U n i t e d  S t a t e s  109 
Percentage Change i n  t h e  T o t a l  P r imary  and Secondary Energy 
Requi red by Regions-1977 and 1990 Compared 11 3 
Pr imary  and Secondary Energy f o r  Sewage Treatment  Compared t o  
T o t a l  N a t i o n a l  Energy Requirement i n  1977 and 1990 115 
- x i v  
? I 
68. Water Use f o r  I r r i g a t i o n  i n  1970 
69. Water Sources f o r  I r r i g a t i o n  i n  t h e  Kern County Groundwater 
Bas in  Area 
70. Kern County I r r i g a t i o n  Pr imary Energy Requirements f o r  
Sur face  Water .  
71. Kern County I r r i g a t i o n :  Pr imary Energy Requirements t o  
Ob ta i n  Water 
72. Kern County I r r i g a t i o n  Changes i n  Water and Pr imary Energy 
Consurnpti on 
73. High P l a i n s  Water Withdrawals and Pr imary Energy Consumption 
f o r  I r r i g a t i o n  
74. High P l a i n s  I r r i g a t i o n  Changes i n  Water and Pr imary Energy 
Consumpti on 
75. 1976 Crop Repor t  f o r  San Car los  I r r i g a t i o n  P r o j e c t  
76. H i s t o r i c  Average S t a t i c  Water Leve ls  f o r  A l l  o f  t h e  San Car los  
I r r i g a t i o n  P r o j e c t ' s  We l . 1~  
77. H i s t o r i c  Pr imary Energy Requirement per  U n i t  o f  Water Supp l ied  
f o r  t h e  San Car los  I r r i g a t i o n  P r o j e c t  
78. P ro j ec ted  Pr imary Energy Requirement per  U n i t  o f  Water Supp l ied  
f o r  t h e  San Car los  I r r i g a t i o n  P r o j e c t  
79. P r o j e c t e d  T o t a l  Annual Pr imary Energy Consumption o f  t h e  San 




T h i s  r e p o r t  i s  p resen ted  as a  p i l o t  s t u d y  des igned t o  determine how 
c r i t i c a l  t h e  change w i l l  be i n  t h e  demand f o r  energy t o  supp ly  and t r e a t  
wa te r  between now and t h e  end o f  t h e  c e n t u r y .  To e s t i m a t e  t h e  magni tude 
o f  t h i s  demand, we examined t h e  p r i m a r y  energy requ i rements  o f  t h r e e  s e c t o r s  
o f  wa te r  supp ly  and t rea tment :  m u n i c i p a l  w a t e r  supply ,  m u n i c i p a l  sewage 
t rea tment ,  and a g r i c u l t u r a l  i r r i g a t i o n .  I n  each area, we asked b o t h  how much 
of t h e  U n i t e d  S t a t e s  energy demand goes t o  each wa te r  use and whether o r  n o t  
t h e  g rowth  r a t e  i n  t h e  amount o f  energy r e q u i r e d  t o  process wa te r  f o r  these  
d i f f e r e n t  uses w i  11 exceed t h e  p r o j e c t e d  r a t e  o f  i n c r e a s e  i n  energy consump- 
t i o n  f o r  t h e  n a t i o n  as a  whole. Est imates o f  t h e  energy consumption over  
t i m e  i n  t h e  U n i t e d  S t a t e s  a r e  t a k e n  f rom t h e  Federa l  Energy A d m i n i s t r a t i o n ' s  
Water Requirements, Auai lab i l i t i e s ,  Constraints, and Recommended Federal 
Actions, Project Independence o f  Novernber 1974. 
The energy requ i rements  o f  s u p p l y i n g  water  a r e  cons ide red  f o r  s i x  
m a j o r  c i t i e s :  Chicago, Denver, Los Angeles, New Orleans,  San Anton io ,  and 
St .  Lou is .  The energy requ i re rner~ ts  o f  these  urban areas were ana lyzed t o  
p r o v i d e  an i n d i c a t i o n  o f  t h e  e x t e n t  o f  f u t u r e  i n c r e a s e s  i n  t h e  amount of  
energy r e q u i r e d  t o  supp ly  water  i n  t h e  n a t i o n  as a  whole. 
The wa te r  departments i n  each o f  these  c i t i e s  were c o n t a c t e d  and asked 
t o  supp ly  t h e  f o l l o w i n g  i n f o r m a t i o n  f o r  t h e  y e a r s  1950 and 1960 and f o r  t h e  
y e a r s  1965 th rough  1977: 
1. P o p u l a t i o n  served 
2. The average amount o f  water  s u p p l i e d  d a i l y  
3. The amount o f  energy consumed i n  s u p p l y i n g  t h e  wa te r  
I n  a d d i t i o n  t o  t h i s  h i s t o r i c  data,  t h e  wa te r  o f f i c i a l s  i n  each c i t y  were asked 
t o  p r o j e c t  what t h e  p o p u l a t i o n  served w i  11 be i n  t h e  1980, 1990, and 2000 
and t o  p r o j e c t  whether o r  n o t  t h e i r  p r e s e n t  wa te r  supp ly  system w i l l  be a b l e  t o  
meet t h e  wa te r  demand i n  those  years .  I n  cases where t h e  response t o  t h i s  
q u e s t i o n  was n e g a t i v e ,  wa te r  o f f i c i a l s  were asked t o  s p e c i f y  what p l a n s  t h e  
x v i  i 
c i t y  had made t o  develop new sources o f  wa te r  and what t h e  es t imated  energy 
requi rements  o f  t h e  new systern w i l l  be. 
Based on t r ends  i n  t h e  h i s t o r i c  data,  p r o j e c t e d  p o p u l a t i o n  f i gu res ,  and 
each c i t y ' s  p lans  f o r  i t s  wa te r  supp ly  system, es t imates  o f  the  f u t u r e  water  
demand and the  p r ima ry  energy requi rement  t o  supp ly  a  u n i t  o f  wa te r  were made. 
From these  p r o j e c t i o n s ,  t h e  t o t a l  annual p r ima ry  energy consumption f o r  t he  
years  1980, 1990, and 2000 was c a l c u l a t e d .  
These p r o j e c t i o n s  i n d i c a t e  t h a t  t h e  t o t a l  annual amount o f  energy t h a t  
w i l l  be r e q u i r e d  t o  supp ly  wa te r  w i l l  decrease i n  S t .  Lou is  and New Orleans 
and w i l l  i n c rease  i n  Chicago, San Anton io ,  Denver, and Los Angeles. To 
determine t h e  s i g n i f i c a n c e  o f  t he  p r o j e c t e d  inc reases  i n  Chicago, San Anton io ,  
Denver, and Los Angeles, t h e  percentage inc reases  were compared t o  p r o j e c t e d  
inc reases  i n  domest ic energy co r~su~np t i on  f o r  t h e  n a t i o n  as a  whole. Th is  
comparison i n d i c a t e d  t h a t  t h r e e  o f  t h e  c i t i e s ,  Los Angeles, San Anton io ,  and 
Denver, w i l l  have a  h i g h e r  r a t e  o f  i n c rease  i n  t h e i r  wa te r -supp ly  energy 
requi rements  than  t h e  n a t i o n a l  r a t e  o f  i n c rease  o f  t o t a l  energy consumption. 
The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e  t h a t  t h e r e  w i l l  n o t  be a  u r ~ i f o r r r ~  
change i n  t h e  amount o f  energy r e q u i r e d  t o  supp ly  wa te r  i n  these s i x  c i t i e s .  . 
They do, ins tead ,  emphasize t h a t  t h e r e  w i l l  be l a r g e  r e g i o n a l  d i f f e r e n c e s  i n  
t h e  amount o f  wa te r  energy r e q u i r e d  t o  supp ly  water  due p r i m a r i l y  t o  popula- 
t i o n  s h i f t s  t o  w a t e r - s h o r t  areas o f  t h e  coun t r y .  Th is  d i f f e r e n c e  seems t o  
i n d i c a t e ,  t h e r e f o r e ,  t h a t  t h e  amount o f  energy t h a t  w i l l  be needed t o  supp ly  
wa te r  i n  t h e  f u t u r e  w i l l  be more a  r e g i o n a l  problem r a t h e r  than a  n a t i o n a l  
concern.  
The da ta  used t o  c h a r a c t e r i z e  t h e  energy r e q u i r e d  f o r  sewage t r ea tmen t  
were n o t  compi led by survey b u t  were p rov i ded  by t he  f e d e r a l  Environmental  
P r o t e c t i o n  Agency (USEPA). A  s t a t e - b y - s t a t e  1  i s t i  ng o f  a1 1  t r ea tmen t  p l a n t s  
i n  use i n  1977 d i v i d e d  among s i x  types o f  t r ea tmen t  was p rov ided  a long  w i t h  a  
second l i s t i n g  o f  a l l  t rea tment  p l a n t s  expected t o  be i n  o p e r a t i o n  i n  1990. 
These l i s t s  were prepared from t h e  USEPA's 1976 Needs S ~ ~ r ~ u e y  for fillunicipal 
Wasteuater Treatments. The types o f  p l a n t s  were ass igned an energy requ i rement  
based on a  d r a f t  paper t i t l e d  "Energy Conservat ion i n  M u r ~ i c i p a l  Wastewater 
Treatment," prepared by t h e  f i r m  o f  Culp/Wesner/Culp f o r  t h e  USEPA. The 
energy va lues  presented by t rea tment  t y p e  a r e  t h e  same f o r  bo th  1977 and 1990. 
They i n c l u d e  t he  p r imary  energy needed t o  opera te  these p l a n t s  p l u s  t h e  
secondary o r  i n d i r e c t  energy consumed i n  t h e  form o f  chemical  a d d i t i v e s ,  f i l t e r  
media, and o t h e r  m a t e r i a l s .  ~ h i s ' d r a f t  paper i s  scheduled f o r  r e v i e w  and f i n a l  
p u b l i c a t i o n  i n  t h e  nex t  few months. The i n d i v i d u a l  s t a t e s  i n  t h e  n a t i o n  a r e  
combined t o  form 12 geographica l  r eg i ons  t h a t  r o u g h l y  correspond t o  ma jo r  
wa te r -bas in  areas i n  t h e  coun t ry .  The energy a n a l y s i s  presented c o n t r a s t s  
these reg ions  and a l s o  examines t h e  t r ea tmen t  energy requi rements  f o r  t h e  
n a t i o n  as a  whole. The s i g n i f i c a n c e  o f  t h e  growth r a t e  i n  energy r e q u i r e d  t o  
t r e a t  water  i s  assessed by comparing i t  w i t h  t h e  growth r a t e  i n  n a t i o n a l  energy 
consumption between 1977 and 1990. Based on these USEPA da ta  sources, t h e  - 
energy requi rements  f o r  sewage t r ea tmen t  a r e  growing much f a s t e r  than  energy 
consumption by t h e  n a t i o n  averaged over  a l l  consuming sec to r s .  The energy 
growth r a t e  v a r i e s  among t h e  12 r e g i o n s  examined, b u t  i n  a l l  cases i t  exceeds 
t h e  n a t i o n a l  i nc rease  i n  energy consumption. 
T h i s  r a p i d  growth r a t e  i n  t he  energy r e q u i r e d  f o r  sewage t r ea tmen t  i s  
caused by two main f a c t o r s :  a  l a r g e  i nc rease  i n  t he  p o p u l a t i o n  served by 
sewers and t h e  widespread i n t r o d u c t i o n  o f  more con~plex energy and m a t e r i a l -  
i n t e n s i v e  t r ea tmen t  s t r a t e g i e s  necess i t a t ed  by more s t r i n g e n t  w a t e r - q u a l i t y  
s tandards.  A l though t h e  energy r e q u i r e d  f o r  sewage t r ea tmen t  i n  1990 i s  l e s s  
than one -ha l f  o f  one pe rcen t  o f  t h e  t o t a l  n a t i o n a l  energy requi rement ,  ca re -  
f u l  a t t e n t i o n  t o  c o s t  m i n i m i z a t i o n  and energy conse rva t i on  i n  sewage t rea tment  
w i l l  be an impo r tan t  concern i f  mun i c i pa l  budgets a r e  t o  be balanced. D e t a i l e d  
analyses o f  t h e  energy and m a t e r i a l  f l ows  assoc ia ted  w i t h  s p e c i f i c  types o f  
t r ea tmen t  should  be c a r r i e d  o u t  and used i n  d e c i d i n g  arrlong a1 t e r n a t i v e  p l a n t  
des igns.  The USEPA i s  p r e s e n t l y  work ing  on new rev i ew  c r i t e r i a  t h a t  w i l l  
ensure t h a t  energy and m a t e r i a l  requ i rements  a r e  c r i t i c a l l y  examined b e f o r e  
f e d e r a l  ass i s t ance  funds a re  app rop r i a t ed  f o r  p l a n t  c o n s t r u c t i o n .  A  d i s -  
aggregated and d e t a i l e d  a n a l y s i s  o f  t r ea tmen t  o p t i o n s  should  a l s o  be used t o  
examine t h e  p o t e n t i a l  f o r  energy conse rva t i on  w i t h  s p e c i a l  emphasis on use 
o f  methane gas, which i s  generated i n  some p l a n t s .  F i n a l l y ,  t h e  growing 
con t rove rsy  over  w a t e r - q u a l i t y  s tandards should be r e s o l v e d  w i t h  a  c a r e f u l  
de te rm ina t i on  o f  t h e  env i ronmenta l  impact  achieved w i t h  each a d d i t i o n a l  i n c r e -  
ment o f  energy and m a t e r i a l  consumed i n  wastewater t rea tment .  
The t h r e e  i r r i g a t i o n  p r o j e c t s  examined i n  t h i s  s t udy  a r e  l o c a t e d  i n  
Kern County, C a l i f o r n i a ;  t h e  Texas h i g h  p l a i n s ;  and San Car los ,  Ar izona.  
Pub l i shed  and unpubl ished da ta  were p rov ided  by water  agencies i n  these areas, 
and a d d i t i o n a l  comments, es t imates,  and suggest ions were r e l a y e d  i n  phone 
conve rsa t i  ons. 
For  Kern County data,  t h e  energy r e q u i r e d  t o  supp ly  ground- and sur face 
wate r  has been es t imated  f o r  each year  between 1975 and 2000 i n c l u s i v e .  Based 
on h i s t o r i c  t rends ,  t h i s  area w i l l  exper ience  growth i n  a g r i c u l t u r a l  produc- 
t i o n  and a  d e c l i n e  i n  t h e  wa te r  t a b l e  because o f  groundwater w i thd rawa ls  i n  
excess of t h e  recharge r a t e .  These two f a c t o r s  w i l l  cause a  63 pe rcen t  i n -  
c rease i n  t h e  t o t a l  p r ima ry  energy r e q u i r e d  t o  supp ly  i r r i g a t i o n  water  i n  t h e  
r e g i o n  between 1975 and 2000. 
I n  t h e  Texas h i g h  p l a i n s ,  v i r t u a l l y  a l l  water  used f o r  i r r i g a t i o n  comes 
from t h e  groundwater s t o rage  i n  a  s ing1  e  a q u i f e r .  Withdrawals a r e  much i n  
excess of  n a t u r a l  water  recharge t o  t h e  a q u i f e r  , and, consequent ly ,  i ncreased 
p r ima ry  energy i s  r e q u i r e d  t o  pump groundwater s u p p l i e s  f rom dec l  i n i n g  l e v e l s .  
I n  t h e  s h o r t  term, t h i s  i nc rease  w i l l .  be p a r t i a l l y  o f f s e t  by improved pumping 
e f f i c i e n c i e s .  Increased c o s t s  o f  i r r i g a t i o n  and a d d i t i o n a l  energy requi rements  
w i  11, nonethe less,  f o r c e  acreage o u t  o f  a g r i c u l t u r a l  p roduc t i on .  The r e s u l t  . 
w i l l  be a  d ramat i c  decrease i n  t h e  t o t a l  energy r e q u i r e d  t o  supp ly  i r r i g a t i o n  
water  i n  t h e  area by t h e  year  2000. Eventual  d e p l e t i o n  o f  t h e  a q u i f e r  seems 
l i k e l y  i n  t h e  n e x t  cen tu r y  ever1 w i t h  a  genera l  t r a n s i t i o n  t o  d r y l and  farming. 
Consequently, es t imates  a r e  g i ven  o f  t h e  energy t h a t  would be r e q u i r e d  t o  impor t  
water  f rom o u t s i d e  t h e  s t a t e  f o r  use i n  t h e  h i g h  p l a i n s .  An o rde r  o f  rnagni tude  
i nc rease  over  t h e  energy p r e s e n t l y  r e q u i r e d  pe r  u n i t  o f  wa te r  supp l i ed  i s  prob-  
a b l e  i f  water  i m p o r t a t i o n  i s  undertaken. 
I n  San Car los ,  Ar izona,  acreage under i r r i g a t i o n  w i  11 be r e l a t i v e l y  con- 
s t a n t  between now and t h e  end o f  t h e  cen tu ry .  A  40 pe rcen t  i nc rease  i n  t he  
t o t a l  p r imary  energy r e q u i r e d  t o  supp ly  water  f o r  i r r i g a t i o n  i s  expected t o  
occur  by 2000 as groundwater l e v e l s  dec l - ine and a d d i t i o n a l  energy i s  r e q u i r e d  
t o  pump groundwater t o  t h e  su r f ace .  
Because these areas o f  i r r i g a t i o n  a l l  l i e  i n  t h e  a r i d  Southwest, t h e i r  
p r o j e c t e d  energy requi rements  a r e  p robab ly  upper bounds f o r  energy needed t o  
supp l y  i r r i g a t i o n  water  i n  o t h e r  p a r t s  o f  t h e  n a t i o n .  The energy growth i n  
demand f o r  energy i n  each o f  these i r r i g a t i o n  areas i s  n o t  s i g n i f i c a n t l y  
h i ghe r  than  t h e  expected growth i n  energy consumption f o r  t h e  n a t i o n  as a  whole 
th rough  t h e  end o f  t h e  cen tu ry .  Consequently, energy requi rements  f o r  i r r i g a -  
t i o n  wa te r  i n  t h e  Un i t ed  S ta tes  a r e  n o t  expected t o  be c r i t i c a l  through t h e  
yea r  2000. 
A f t e r  2000, ene rgy - i n t ens i ve  wa te r -supp ly  systems such as i n t e r b a s i n  
t r a n s f e r  and wate r  reuse  w i l l  be r e q u i r e d  t o  p e r m i t  a g r i c u l t u r e  t o  con t i nue  
i n  t h e  Sbuthwest. Su td ies  o f  t h e  long- te rm t r a d e - o f f s  among wate r  consumption, 
energy consumption, and food  p roduc t i on  should  be under taken i n  c o n s i d e r a t i o n  
of f u t u r e  wa te r -supp ly  a l t e r n a t i v e s  i n  these areas.  
The r e s u l t s  o f  t h e  c a l c u l a t i o n s  presented i n  t h i s  paper a r e  summarized 
i n  a  t a b l e  on page x i i .  I n  mun i c i pa l  wa te r  supply ,  t he  r e s u l t s  i n d i c a t e  t h a t  
t h e r e  w i l l  be l a r g e  r e g i o n a l  d i f f e r e n c e s  i n  t h e  amount o f  energy r e q u i r e d  t o  
supp ly  wa te r .  
The energy requi rements  f o r  sewage t rea tment  a r e  i n c r e a s i n g  s i g n i f i c a n t l y  
i n  a l l  areas o f  t he  c o u n t r y  a l though  t h e r e  a re  huge r e g i o n a l  d i f f e r e n c e s  among 
t h e  growth r a t e s .  Between now and t h e  yea r  2000, t h e  t o t a l  p r imary  energy 
requi rements  f o r  i r r i g a t i o n  water  w i l l  n o t  i n c rease  f a s t e r  than energy con- 
surnpt ior~ by t h e  r ~ a t i o n  as a  whole.  A f t e r  2000, however, energy requi rements  
t o  supp ly  wa te r  f o r  i r r i g a t i o n  i n  t h e  a r i d  Southwest may become seve re l y  l a r g e .  
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SUMMARY OF RESULTS 
WATER SUPPLY 
Pr imary Energy T o t a l  Annual 
Required Per U n i t  Pr imary Energy P r i n c i p a l  
o f  Water Supp l ied  Consumption Energy 
City Year ( M ~ / m i l  ga l  ) (MJ/year x lo8) Sources 
Chicago 1976 10,557 
2010 11,091 
St. Lou is  1975 13,485 
2000 13,485 
New Orleans 1976 12,601 
2000 12,482 
Denver 1976 8,202 
2000 11,597 
San Anton io  1976 15,422 
2000 16,843 
39.5 Natura l  Gas 
49.7 Coal, E l e c t r i c i t y  
8.0 
5.5 E l e c t r i c i t y  
5.7 
4.8 E l e c t r i c i t y  
5.6 
14.1 E l e c t r i c i t y  
5.7 
12.9 E l e c t r i c i t y  
LOS Angeles 1975 5,562 10.3 H y d r o e l e c t r i c  
2000 8,933 18.1 Power 
SEWAGE TREATMENT 
Pr imary Energy T o t a l  Annual 
T o t a l  Required Per U n i t  Pr imary Energy P r i n c i p a l  
Capaci ty  o f  Water T rea ted  Consumption Energy 
Region Year (mgd) (MJ/mil ga l  ) (MJ/year x lo6) Sources 
-- - 
U.S. 1977 30,722.5 12,454 139,651 E l e c t r i c i t y  
Coal 
1990 56,514.5 14,006 292,295 Fuel O i l  
Na tu ra l  Gas 
Methane 
IRRIGATION 
Pr imary Energy T o t a l  Annual 
Required Per Unit Pr imary Energy P r i n c i p a l  
o f  Water Suppl i e d  Consumption Energy 
Region Year (MJ/mil ga l  ) (MJ/year x lo6) Sources 
Kern County 1975 18,479 20,502 E l e c t r i c i t y  
2000 21,722 33,526 
Texas High 
P l a i n s  1974 15,869 
2000 18,637 
42,625 Na tu ra l  Gas and 
13,344 E l e c t r i c i t y  
San Car los  1975 14,525 1,256 
2000 21,234 1,814 E l e c t r i c i t y  
x x i  i 
1 INTRODUCTION 
This paper i s  presented as a pilot study designed t o  determine how 
cr i t ica l  the change will be in the demand for energy required t o  supply and 
t rea t  water between now and the end of the century. To determine this  change, 
we examined the primary energy requirements of three sectors of water supply 
and treatment: municipal water supply, municipal sewage treatment, and agri- 
cultural irrigation. In each area, we asked whether or n o t  the growth rate 
i n  the amount of energy required t o  process water for these different uses 
will exceed the projected rate of increase in energy consumption for the 
nation as a whole. 
A t  present, the energy required t o  supply water for irrigation and munic- 
ipa l i t i e s ,  combined with the energy required t o  t rea t  domestic sewage, i s  
estimated t o  be less than 2 percent of the total energy requirement.* Water 
i s  said t o  be a scarce resource, whose supplies are diminishing and becoming 
less accessible. To meet the demand for water, we may we1 1 require increas- 
ing amounts of energy and  other physical resources. If this  energy require- 
ment rises a t  a rate significantly faster  than the overall domestic demand 
for energy, the arnount of energy that will be needed t o  supply and t rea t  water 
will play an increasingly important role in the allocation of limited energy. 
There i s  reason t o  believe t h a t  these energy requirements will increase 
significantly. New Environmental Protection Agency ( E P A )  qua1 i ty standards 
for b o t h  sewage effluent and domestic water supplies will increase the energy 
required for water supply and treatment in many locations. Also, the depth 
t o  water tables i s  rapidly increasing in many areas of the United States and 
additional energy will be required t o  pump this water t o  the surface. Derno- 
graphic shi f ts  are acceleratir~g the demand for water, especially where water 
i s  already scarce. More energy-intense water supply systems such as inter- 
basin transfers, desalination plants, and water reuse projects will need t o  
be developed t o  support the growth in these regions. 
* 
Based on upper bound energy estimates compiled for this  paper, on E P A  sewage 
treatment data,,and on 1970 water withdrawals for irrigation l is ted in U.S. 
Geological Survey Circular 67G. 
The es t ima te  o f  energy requi rements  over  t ime  f o r  water  supply ,  sewage 
t rea tment ,  and i r r i g a t i o n  a r e  based on da ta  compi led by survey form, by t e l e -  
phone communication w i t h  mun ic ipa l  wa te r  expe r t s  and i r r i g a t i o n  s p e c i a l i s t s ,  
and from bo th  pub l i shed  and d r a f t  m a t e r i a l s .  Many of t h e  numbers used i n  
t h i s  r e p o r t  a r e  o n l y  es t imates ,  and many o f  t h e  e x t r a p o l a t i o n s  of f u t u r e  
energy requi rements  i n c o r p o r a t e  simp1 i f y i n g  assumptions. The method f o l  lowed 
f o r  c a l c u l a t i n g  t h e  energy requi rements  i s  descr ibed  i n  d e t a i l ,  making c l e a r  
t he  l i m i t a t i o n s  o f  t h e  da ta .  The emphasis i s  l e s s  on v e r y  accura te  da ta  than 
on 1  i k e l y  t r ends  e x h i b i t e d  over  t ime  i n  t h e  change of energy requ i rements  and, 
most impo r tan t ,  on de te rmin ing  what aspects  o f  t h e  water - re1 a ted  energy 
ques t i on  must be understood b e t t e r .  
The changing p a t t e r n s  of energy consurnption d e t a i l e d  i n  t h e  t e x t  f o r  
wa te r  supp ly  and sewage t rea tment  a r e  compared t o  a v a i l a b l e  es t imates  of t h e  
p resen t  and f u t u r e  energy demands o f  t h e  n a t i o n .  Severa l  p r o j e c t i o n s  o f  t h e  
growth i n  n a t i o n a l  energy consumption a r e  a v a i l a b l e .  A l l  o f  them i nvoke  
s i m p l i f y i n g  assunlptions w i t h  r ega rd  t o  t he  genera l  h e a l t h  o f  t h e  econor;ly, 
energy p r i c e s ,  r a t e s  of e x t r a c t i o n  o f  f u e l  reserves ,  and p o s s i b l e  govern- 
mental  measures t o  a l l o c a t e  and r e g u l a t e  energy supp l i es .  I n  t h i s  paper, 
es t imates  of energy consumption over  t i m e  i n  t h e  Un i t ed  S ta tes  a r e  taken from 
t h e  November 1974 Project Independence Report o f  t h e  Federal  Energy Admini- 
s t r a t i o n  (FEA). 
I n  t h e  summary volume o f  t h a t  FEA r e p o r t  a r e  seve ra l  t a b l e s  t i t l e d  
"Un i t ed  S ta tes  T o t a l  Gross Consumption o f  Energy Resources by Ma jo r  Sources 
and Consuming Sec to rs . "  Tables P-5 th rough  P-16 p resen t  FEA p r o j e c t i o n s  of 
domest ic energy consumption under d i f f e r e n t  scenar ios .  Energy use i n  each 
of t h e  t a b l e s  i s  p r o j e c t e d  f o r  f i v e  consuming sec to r s  o f  t h e  U n i t e d  S ta tes  
economy: household and commercial, i n d u s t r i a l ,  t r a n s p o r t a t i o n ,  e l e c t r i c a l  
genera t ion ,  and s y n t h e t i c s .  The d i f f e r e n c e s  among t h e  scenar ios  i n  these 
t a b l e s  a r i s e  f rom d i f f e r e n t  es t imates  o f  t h e  p r i c e  o f  o i l  ($7 o r  $11 per  
b a r r e l  [ b b l ] ) ,  whether o r  n o t  t h e  supp ly  o f  energy w i l l  be acce le ra ted ,  and 
whether o r  n o t  energy conse rva t i on  measures w i l l  be undertaken. Depending 
on t he  assumptions made, t he  a n t i c i p a t e d  i nc rease  i n  t h e  domest ic energy r e -  
qu i rement  between 1971 and 1985 ranges f rom 22 t o  32 pe rcen t  i n  these t a b l e s .  
The 22 pe rcen t  i nc rease  rep resen t s  a  scena r i o  based on Tab le  P-14,, i n  which 
o i l  p r i c e s  a r e  $11 per  bb l  , conserva t ion  i s  promoted, and no e f f o r t  i s  made 
t o  a c c e l e r a t e  t h e  energy supply .  The h ighe r  32 percen t  inc rease  i s  a  "no 
conserva t ion"  scenar io  de r i ved  from Table P-5 o f  t h e  r e p o r t .  
For years  a f t e r  1985, t h e  P r o j e c t  Independence Repo r t  discusses t h e  
growth r a t e  o f  energy consumption i n  P a r t  111 o f  Chapter 111: "Long-Term 
Energy P r o j e c t i o n s  and T h e i r  Imp1 i c a t i o n s  . " Two long- term supp ly  s t r a t e g i e s  
a r e  cha rac te r i zed .  The f i r s t  o f  these, c a l l e d  t h e  "Base Case," p r e d i c t s  t h a t  
o v e r a l l  energy consumption w i l l  i nc rease  2.5 percen t  per  year  f rom 1985 
through 2000. Th i s  scenar io  assumes t h a t  energy conserva t ion  measures wi 11 
n o t  be w i d e l y  irnpl ernented. The second s t r a t e g y ,  c a l l  ed t h e  "Conservat ion- 
Major  S h i f t  ," es t imates  a  1.6 percen t  inc rease  i n  o v e r a l l  energy consumption - 
i n  each yea r  f rom 1985 through 2000 w i t h  more s t r i n g e n t  conse rva t i on  measures 
imposed. Under t he  "Base Case" s t r a t e g y  t h e  domestic demand f o r  energy w i l l  
i nc rease  approx imate ly  69 percen t  between 1977 and 2000 assuming t h a t  t h e  
inc rease  between 1977 and 1985 i s  t h e  32 percen t  o f  t he  "no conserva t ion"  
scenar io .  Under c o n d i t i o n s  o f  t he  "Conservat ion-Major S h i f t , "  a  46 percen t  
inc rease  i n  energy consumption i s  p r o j e c t e d  from 1977 through 2000, assuming 
t h e  more modest 22 percen t  inc rease  between 1977 and 1985. Summarized below 
a r e  t he  FEA p r o j e c t e d  changes i n  n a t i o n a l  energy consumption f o r  va r i ous  t ime 
pe r i ods  under t he  conserva t ion  and base case scenar ios .  
Cor~serva t i o n  Scenario (based on P r o j e c t  Independence Repor t ,  Tabl  e  P-14, 
and "Conservat ion-Major S h i f t  Case" a f t e r  1985) 
1975-2000 49 percen t  inc rease  i n  gross consumption o f  energy 
resources i n  t he  Un i t ed  S ta tes  
1977-2000 46 percen t  inc rease  i n  gross consumption o f  energy 
resources i n  t he  Un i ted  S ta tes  
1977-1990 30 percen t  inc rease  i n  gross consumption o f  energy 
resources i n  t he  Un i t ed  S ta tes  
No Conservat ion Scenario (based on P r o j e c t  Independence Report, Tabl e  P-5, 
and "Base Case" a f t e r  1985) 
1975-2000 75 percen t  inc rease  i n  gross consumption o f  energy 
resources i n  t he  Un i t ed  S ta tes  
1977-2000 69 percen t  inc rease  i n  gross consumption o f  energy 
resources i n  t he  Un i t ed  S ta tes  
1977-1990 44 percen t  inc rease  i n  gross consumption o f  energy 
resources i n  t he  Un i ted  S ta tes  
Throughout t h i s  paper these FEA p r o j e c t i o n s  o f  t h e  change i n  t o t a l  gross 
consumption o f  energy resources averaged over  f i v e  consuming sec to r s  o f  t h e  
Un i t ed  S ta tes  economy w i l l  be used as a  benchmark a g a i n s t  which t o  judge t h e  
s i g n i f i c a n c e  o f  p r o j e c t e d  inc reases  i n  t h e  energy r e q u i r e d  t o  supp ly  water  
and t r e a t  sewage. 
A l l  t h e  energy c a l c u l a t i o n s  presented i n  t h i s  s tudy  p resen t  t h e  energy 
requi rements  as the  t o t a l  p r ima ry  energy r e q u i r e d  t o  ope ra te  t h e  water  systems 
examined. "Prirnary energy" represen ts  t h e  energy embodied i n  t h e  d i r e c t l y  
burned f o s s i l  f u e l s  and i n  t he  p r ima ry  f u e l s  r e q u i r e d  t o  generate  e l e c t r i c i t y  
consumed i n  o p e r a t i o n  o f  these systems. The p r ima ry  energy i s  sometimes 
r e f e r r e d  t o  as t he  thermal e q u i v a l e n t .  I t  i n c l u d e s  t h e  f u e l  necessary t o  r u n  
t h e  e l e c t r i c a l  genera t ing  f a c i  1  i t i e s  and t o  t r a n s m i t  t h e  e l e c t r i c i t y  a long  
cab les  and w i r e s  i n  a d d i t i o n  t o  t h e  d i r e c t  energy d e l i v e r e d  f o r  use a t  t h e  
o n - s i t e  e l e c t r i c a l  o u t l e t s .  The d i r e c t  energy and p r imary  energy o f  f o s s i l  
f ue l s  a r e  e q u i v a l e n t  and, s t r i c t l y ,  a r e  t h e  hea ts  o f  combust ion o f  t h e  f ue l s .  
For e l e c t r i c i t y ,  however, t h e r e  i s  an e s s e n t i a l  d i s t i n c t i o n  between t h e  p r ima ry  
and d i r e c t  energy per  k i l o w a t t  hour (kwh). The d i r e c t  energy c h a r a c t e r i z e s  
o n l y  t he  usab le  energy ob ta ined  from each kwh and excludes t h e  energy " l osses "  
i n  e l e c t r i c a l  gene ra t i on  and t r ansm iss i on .  The u n i t  o f  energy i n  common terms 
f o r  e l e c t r i c i t y ,  t h e  k i l o w a t t  hour,  i s  e q u i v a l e n t  t o  3 .6  megajoules (MJ), t h e  . 
I n t e r n a t i o n a l  Standard u n i t  used i n  t h i s  a n a l y s i s .  The p r ima ry  energy r e -  
q u i r e d  t o  generate  1  kwh o f  e l e c t r i c  energy has dropped d u r i n g  t h e  p a s t  f i f t y  
years .  I n  1929 each kwh o f  e l e c t r i c  energy r equ i r ed ,  on t h e  average, 25.89 MJ 
of p r imary  energy, w h i l e  i n  1970 each kwh represen ted  p r ima ry  energy equiva-  
1  e n t  t o  o n l y  11 .ll MJ. For t he  yea r  1970, t h e  p r ima ry  energy e q u i v a l e n t  pe r  
kwh (11.1 1  MJ) i s  approx imate ly  t h r e e  t imes t h a t  o f  t h e  d i r e c t  energy equiva-  
l e n t  (3 .6  MJ). We assumed a  f i g u r e  o f  11 .ll MJ of p r ima ry  energy pe r  kwh of 
de l  - ivered e l  e c t r i c  energy f o r  t h e  p r o j e c t e d  energy requi rements  i n  t h i s  s tudy .  
Another  energy i n p u t  o f t e n  i nc l uded  i n  energy s t u d i e s  i s  t h e  i n d i r e c t  o r  
secondary energy requ i rement  o f  a  system. which r e f e r s  t o  t he  energy embodied 
i n  raw and manufactured m a t e r i a l s  o r  i n  o t h e r  goods and s e r v i c e s  consumed 
d u r i n g  p roduc t i on .  For  water  supp ly  and wa te r  t r ea tmen t ,  chemical  a d d i t i v e s  
such as c h l o r i n e ,  alum, and l i m e  a r e  t h e  main i n d i r e c t  energy requi rements .  
The energy o f  c a p i t a l  i s  a l s o  i nc l uded  i n  some s t u d i e s  and c h a r a c t e r i z e s  t he  
energy content of materials such as s t e e l ,  wood, and cement used in construc- 
t ion of a plant o r  f a c i l i t y .  
In t h i s  present study, capi ta l  energy requirements have been excluded 
from a1 1 analyses presented. Secondary energy requirements a re  not included 
in the water supply or i r r iga t ion  scenarios, b u t  they a re  taken in to  account 
in  the energy calculations for  sewage treatment, where they add a small but 
not negligible contribution. 
2 WATER SUPPLY 
Water and erlergy a r e  1 i nked  resources.  A1 though we a r e  more accustomed 
t o  t h i n k i n g  i n  terms o f  ha rness ing  wate r  f o r  energy p roduc t i on  than  i n  terrns 
of us i ng  energy f o r  wa te r  supply,  energy i s  an impo r tan t  f a c t o r  i n  a c q u i r i n g ,  
t r e a t i n g ,  and d i s t r i b u t i n g  t h e  wate r  we consume. The o b j e c t i v e  o f  t h i s  chap- 
t e r  i s  t o  determine how much energy i s  p r e s e n t l y  r e q u i r e d  t o  supp ly  wa te r  and 
whether o r  n o t  t h i s  energy requirerrlent w i l l  i nc rease  s i g n i f i c a n t l y  by t h e  
yea r  2000. U l t i m a t e l y ,  ou r  aim i s  t o  determine whether o r  n o t  t h e  energy 
needed t o  supp ly  wa te r  w i l l  c o n s t i t u t e  a s i g n i f i c a n t  p o r t i o n  o f  o u r  t o t a l  
n a t i o n a l  energy budget i n  f u t u r e  years .  
The o r i g i n a l  goa l  o f  t h i s  s t udy  was t o  determine how much energy i s  
needed t o  supp ly  wa te r  on a n a t i o n a l  b a s i s  by examin ing t h e  energy r e q u i r e -  
rnents o f  groundwater and sur face-wate r  usage i n  t h e  ma jo r  wa te r  r eg ions  of 
t h e  coun t ry .  However, i n  accommodating t h e  s c a l e  o f  t h e  p r o j e c t  t o  i t s  
l e v e l  and manner o f  suppor t ,  we have 1 i m i  t e d  t h e  supp ly  s t udy  t o  t h e  energy 
requi rements  o f  t h e  wa te r  supp ly  systems o f  s i x  l a r g e  c i t i e s  l o c a t e d  i n  d i f -  . 
f e r e n t  areas o f  t h e  coun t ry .  Data presented i n  a 1962 (USGS) p u b l i c a t i o n  
about  t h e  wa te r  supp ly  systems o f  t h e  c o u n t r y ' s  100 l a r g e s t  c i t i e s  i n d i c a t e  
t h a t  t h e  10 c i t i e s  s e l e c t e d  a r e  l a r g e  consumers o f  w a t e r . l  
The energy requi rements  o f  these  urban areas p r o v i d e  an i n d i c a t i o n  of 
t h e  e x t e n t  and l o c a t i o n  o f  f u t u r e  i nc reases  i n  t h e  arrlount o f  erlergy r e q u i r e d  
t o  supp ly  wa te r  i n  t h e  n a t i o n  as a whole. 
The c i t i e s  we i n i t i a l l y  chose t o  examine i n  t h i s  s t udy  were Boston, 
Chicago, St. Lou is ,  New Orleans, Los Angeles, Denver, Miami, San Anton io ,  
Phoenix, and Houston. Boston, Chicago, S t .  Lou is ,  New Or leans,  and Denver 
a l l  o b t a i n  t h e i r  wa te r  supp ly  f rom su r f ace  sources. Miami and San An ton io  
a r e  t he  two l a r g e s t  c i t i e s  i n  t h e  coun t r y  t h a t  r e l y  e n t i r e l y  on groundwater 
as t h e i r  source o f  supply,  and Los Angeles, Houston, and Phoenix draw t h e i r  
wa te r  f rom bo th  surface- and groundwater sources. 
The water  departments i n  each o f  these  c i t i e s  were con tac ted  and asked 
t o  complete a survey frorn. B a s i c a l l y ,  t h e  survey from (Appendix 1) asked 
f o r  t h e  f o l l o w i n g  i n f o r m a t i o n  f o r  t h e  years  1950, 1960, and 1965 through 
1977: 
1. Popu la t ion  served 
2. The average amount o f  wa te r  supp l i ed  d a i l y  
3. t h e  amount o f  energy consumed i n  supp ly ing  t h e  water  
I n  a d d i t i o n  t o  t h i s  h i s t o r i c  data, we asked t h e  water  o f f i c i a l s  i n  each 
c i t y  t o  p r o j e c t  what popu la t i on  t hey  w i l l  serve i n  t h e  years  1980, 1990, 
and 2000 and t o  p r o j e c t  whether o r  n o t  t h e i r  p resen t  water-supply  system 
would be a b l e  t o  meet t he  wate r  demand i n  those years .  I n  cases where 
t he  response t o  t h i s  ques t ion  was negat ive,  we asked what p lans t h e  c i t y  
had made t o  develop new sources o f  wa te r  and what t h e  es t imated  energy 
requi rements o f  t h e  new system would be. 
O f  t h e  10 c i t i e s  contacted, e i g h t  responsed t o  ou r  survey, and s i x  
(Chicago, Denver, Los Angeles, New Orleans, San Antonio,  and St.  Lou i s )  were 
a b l e  t o  supp ly  us w i t h  t h e  da ta  we requested. Phoenix and Houston responded 
b u t  were unable t o  p rov ide  energy data. 
The da ta  were analyzed as fo l lows .  F i r s t ,  t h e  c i t y ' s  h i s t o r i c  pe r  
c a p i t a  consumption r a t e s  were s t u d i e d  and used t o  p r o j e c t  what t h e  f u t u r e  
per  c a p i t a  consumption r a t e s  w i l l  be. These p r o j e c t i o n s  were then m u l t i -  
p l i e d  by t h e  p r o j e c t e d  popu la t i on  f i g u r e s  t o  es t ima te  what t h e  f u t u r e  
water  demand i n  each o f  these c i t i e s  w i l l  be. Next, p r o j e c t i o n s  were made 
o f  t h e  f u t u r e  energy requi rement  t o  supp ly  a u n i t  o f  water.  These p ro jec -  
t i o n s  were based on t rends  i n  t h e  h i s t o r i c  da ta  and on t h e  c i t y ' s  p lans  f o r  
i t s  wa te r  supp ly  systern. F i n a l l y ,  t h e  t o t a l  annual energy consumption f o r  
t h e  years  1980, 1990, and 2000 was es t imated  f rom t h e  p r o j e c t e d  wate r  demand 
and t h e  p r o j e c t e d  energy requirement.  As t h e  r e s u l t s  presented i n  t he  
f o l l o w i n g  sec t i ons  i n d i c a t e ,  t h i s  method o f  a n a l y s i s  i s  s e n s i t i v e  t o  two 
f ac to r s :  ( 1 )  a  change i n  t h e  c i t y ' s  p o p u l a t i o n  t h a t  would a f f e c t  t he  wa te r  
demand and ( 2 )  ma jo r  changes i n  the  c i t y ' s  wa te r  supp ly  system t h a t  would 
a f f ec t  t h e  energy requi rement  t o  supp ly  a  u n i t  o f  water.  
D e s c r i p t i o n s  o f  t he  wa te r  supp ly  systems i n  t he  c i t i e s  o f  Chicago, 
St. Louis,  Denver, New Orleans, San Anton io ,  and Los Angeles and t h e  p ro -  
j e c t e d  energy requi rerner~ts  t o  supp ly  wa te r  i n  these s i x  c i t i e s  a r e  presented 
i n  t h e  f o l l o w i n g  sec t i ons .  I t  shou ld  be emphasized t h a t  t h e  energy consump- 
t i o n  p r o j e c t i o n s  presented i n  t h i s  s tudy  a r e  o n l y  rough es t imates  based on 
p a r t i c u l a r  s e t s  of assumptions. No a t t emp t  was made t o  e x p l o r e  more than 
one o r  two p r o j e c t i o n s  f o r  each c i t y ,  c o n s i s t e n t  w i t h  t h e  p i l o t  c h a r a c t e r  
of t h i s  s tudy .  
Chicago 
A l though  Chicago i s  l o c a t e d  near  an abundant source o f  water ,  ma in ta i n -  
i n g  a  c l ean  and sa fe  d r i n k i n g  wate r  supp ly  has c o n s t i t u t e d  a  ma jo r  problem 
th roughou t  much o f  t h e  c i t y ' s  h i s t o r y .  E a r l y  s e t t l e r s  t o  t h e  area f i r s t  drew 
t h e i r  wa te r  d i r e c t l y  f rom t h e  Chicago R i ve r ,  bu t ,  as t h e  r i v e r  became p o l l u t e d ,  
they  t u rned  t o  Lake Mich igan  as t h e i r  source o f  supply.  Because o f  Ch icago 's  
r a p i d  growth,  s a n i t a r y  problems worsened. More and more sewage was dumped 
i n t o  t h e  Chicago R i v e r ,  which f lowed i n t o  Lake Michigan, endanger ing t h e  
c i t y ' s  wa te r  supp ly .  I t  was n o t  u n t i l  t h e  t u r n  o f  t h i s  cen tu ry ,  when t h e  
Chicago S a n i t a r y  and Ship  Canal was cons t ruc ted ,  permanent ly  r e v e r s i n g  t h e  
f low of t h e  Chicago R i ve r ,  t h a t  t he  c i t y  o f  Chicago was a b l e  t o  p rocu re  a  
safe source o f  wa te r  supp ly .  
Chicago, t h e  second l a r g e s t  consumer o f  wa te r  i n  t h e  c o u n t r y  (New York 
City i s  t h e  l a r g e s t ) ,  now draws i t s  wa te r  supp ly  frorn Lake Mich igan  th rough  
i n t a k e  c r i b s  l o c a t e d  two t o  t h r e e  m i l e s  o f fshore.  A l though  Chicago has a  
r e l a t i v e l y  c l ean  source o f  s u r f a c e  wate r  compared t o  o t h e r  ma jo r  c i t i e s ,  i t  
s t i l l  r r~ust t r e a t  t h e  wa te r  f rom i t s  i n t a k e s .  The c i t y  ma in ta i ns  two wate r  
t r ea tmen t  f a c i l i t i e s  on t h e  l a k e f r o n t :  t h e  Cen t ra l  F i l t r a t i o n  P lan t ,  which 
has a  r a t e d  c a p a c i t y  o f  1700 m i l l  i o n  g a l l o n s  pe r  day (rngd), and t h e  South 
Water F i l t r a t i o n  P lan t ,  which has a  r a t e d  c a p a c i t y  o f  900 rngd. The Cen t ra l  
F i  1  t r a t i o n  P l a n t  employs a  t r e a t m e n t  s e r i e s  o f  chemical  a d d i t i o n ,  coagula-  
t i o n ,  s e t t l  i n g ,  rap id -sand  f i  1 t r a t i o n ,  and c h l o r i n a t i o n .  
E l e c t r i c i t y ,  f u e l  o i l ,  c o a l ,  and n a t u r a l  gas a r e  used t o  s u p ~ l y  t h e  
energy r e q u i r e d  t o  o p e r a t e  Ch icago 's  w a t e r  s u p p l y  system. I n  1976, f o r  exam- 
p l e ,  t h e  system consumed 27,594 tons o f  c o a l ,  38,679 g a l l o n s  ( g a l  ) of  f u e l  
o i l ,  22,419 therms of  n a t u r a l  gas, and 72,862,000 kwh o f  e l e c t r i c i t y .  The 
p r i m a r y  energy o f  these f o s s i l  f u e l s  and e l e c t r i c a l  i n p u t s  g i v e s  an energy 
requ i rement  o f  10,557 megajoul  es p e r  m i l  1  i o n  g a l l o n s  (MJ/mi 1  g a l  ) . (Pr imary  
energy requ i rements  a r e  c a l c u l a t e d  th roughou t  t h i s  s tudy .  ) I f ,  i n s t e a d ,  t h e  
d i r e c t  energy requ i rement ,  which exc ludes  t h e  energy r e q u i r e d  t o  genera te  and 
t r a n s m i t  power, i s  c a l c u l a t e d ,  t h e  1976 energy requ i rement  f o r  t h e  Chicago . 
system becomes 9,092 MJ/mi l  g a l ,  wh ich i s  a p p r o x i m a t e l y  14 p e r c e n t  l ower  than  
t h e  p r i m a r y  energy c a l c u l a t i o n .  
To comply w i t h  new c l e a n  a i r  s tandards ,  Ch icago 's  Water Department began 
phas ing o u t  i t s  c o a l  usage i n  1969. A c o n v e r s i o n  was made t o  n a t u r a l  gas. 
However, because o f  t h e  deve lop ing  shor tage  o f  n a t u r a l  gas, t h e  w a t e r  depar t -  
ment has ha1 t e d  i t s  program t o  t o t a l l y  phase o u t  i t s  coa l  usage. The wa te r  
s u p p l y  system s t i l l  uses c o a l  t o  ~ r o d u c e  energy,  b u t  n o t  t o  t h e  e x t e n t  t h a t  
i t  was used i n  t h e  p a s t .  
I n  1976, t h e  c i t y  o f  Ch icago 's  wa te r  d i v i s i o n  se rved  4,664,000 people .  
U n l i k e  departments i n  most o f  t h e  o t h e r  c i t i e s  examined i n  t h i s  s tudy ,  Ch icago 's  
wa te r  depar tment  s u p p l i e s  wa te r  t o  areas o u t s i d e  t h e  c i t y  l i m i t s .  For  example, 
o f  t h e  4,664,000 people  served i n  1976, 3,369,000 people  r e s i d e d  i n  Chicago, 
w h i l e  1,295,000 o f  t h e  people  served l i v e d  i n  t h e  o u t l y i n g  suburbs.  P r e s e n t l y ,  
74 suburban communit ies a r e  s u p p l i e d  w i t h  wa te r  by Ch icago 's  w a t e r  s u p p l y  sys- 
tem. These communit ies a r e  1  i s t e d  i n Tab le  1  and can be 1  ocated on F i g u r e  1. 
Wh i le  t h e  p o p u l a t i o n  o f  Chicago p roper  i s  expected t o  remain a ~ p r o x i m a t e l y  
c o n s t a n t ,  t h e  amount o f  wa te r  s u p p l i e d  by t h e  c i t y  i s  expected t o  i n c r e a s e  i n  
t h e  f u t u r e .  Most o f  t h e  suburban areas s u r r o u n d i n q  Chicaao now o b t a i n  t h e i r  
wa te r  s u p p l i e s  from groundwater.  But  as t h e  s u p p l y  o f  w a t e r  i n  t h e  a q u i f e r s  
i n  t h e  suburban r e g i o n s  d im in ishes ,  i t  i s  a n t i c i p a t e d  t h a t  more suburbs w i l l  
o b t a i n  t h e i r  w a t e r  s u p p l y  f rom Lake M ich igan  v i a  t h e  Chicago w a t e r  system. 
Table 1 
Suburban Communities P resen t l y  Served by  t he  
Chicago Water Supply System 




Blue I s l a n d  
Br idgev iew 
Broadview 




Cent ra l  S t i c kney  S. D. 
Chicago Ridge 
C i  ce ro  
Countrys ide 
Crestwood 
Des P la ines  
D i  xmoor 
Do1 t o n  
East Hazel C res t  
Elmwood Park 
Evergreen Park 
Fores t  Park 
Fores t  View 
Frank1 i n  Park 
Garden Homes S.D. 
Go1 f 
Harvey 
Harwood Heights  
Hazel Cres t  
H ickory  H i l l s  
H i l l s i d e  
Hodgkins 
Home town 
J u s t i c e  
La Grange Park 
Leyden Townshi p 





Mel rose Park 
M e r r i o n e t t e  Park 
Mid1 o t h i a n  
Morton Grove 
N i  1 es 
N o r r i  dge 
Nor th1 ake 
No r th  R i v e r s i d e  
Oak Fo res t  
Oak Lawn 
Oak Park 
Pal os Heights  




R i  ve rda l  e 
R i  v e r  Fo res t  
R i v e r  Grove 
R i v e r s i d e  
Robbins 
Ros emon t 
Schi 11 e r  Park 
South Hol 1 and 
South S t i ckney  S.D. 
S t i c kney  
Stone Park 
Summit 
T i n l e y  Park 
Westchester 
Wi l low Spr ings 
Worth 
Source: Chicago Department o f  Water and Sewers, 1976. Annual Report--0perat- 
ing Stat?:stic.s, p. 1 5 .  

Proposed p lans  i n d i c a t e  t h a t  t he  water  would be t r e a t e d  by Chicago and pumped 
o u t  t o  t h e  suburbs. D i s t r i b u t i o n  would be t h e  r e s p o n s i b i l i t y  o f  the  suburban 
communit ies. E x a c t l y  how many suburbs wi 11 be added t o  t he  Chicago water  
supp ly  system i n  t h e  f u t u r e  i s  unknown. By 1980, t h e  number t o  be added i s  
a t  l e a s t  18 because t h a t  many communit ies have a l r eady  con t rac ted  w i t h  the  
c i t y  f o r  water .  
Water and energy consumption da ta  f o r  t he  years  1965 through 1977 were 
c o l l e c t e d  from t h e  Chicago Department o f  Water andsewers .  These da ta  were 
presented i n  Table  2. P r o j e c t i o n s  were based on these h i s t o r i c  da ta  and a 
s t udy  done f o r  t he  Nor theas te rn  I 1  1 i n o i s  P lann ing  Commission by t he  Kei f e r  
and Assoc ia tes eng ineer ing  f i r m .  
Table  2 
H i s t o r i c  Water Consumption and Pr imary Energy Requirements 
f o r  t h e  Chicago Water Supply System 
- 
Average Amount o f  Energy Required per  
Year Water Supp l ied  T o t a l  Energy Consumption U n i t  o f  Water Suppl ied 
(mgd (MJ/day x l o 6 )  (MJ/rrtil g a l )  
The Ke i f e r  r e p o r t  develops a number o f  scenar ios  r ega rd i ng  a d d i t i o n a l  
suburban supply ,  two of which a re  u t i l i z e d  i n  t h i s  s tudy .  P lan  1 p resen ts  t h e  
lrlinimum number o f  a d d i t i o n a l  suburbs t o  be supp l i ed  by t h e  Chicago water  supp ly  
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Tab le  4 
P lan 2 - -Pro jec ted  Water A1 l o c a t i o n s  f o r  O u t l y i n g  Chicago Suburbs 
Communi t y  
Average D a i l y  A1 l o c a t i o n  (mgd) 
1980 1995 201 0  
Addi son 
A r l i n g t o n  He igh ts  
Bensenvi 11 e  
B l  oomi ngdal e  
B u f f a l  o  Grove 
B u r r  Ridge 
Caro l  Stream 
Clarendon H i l l s  
Dar ien  
Downers Grove 
E l k  Grove V i l l a g e  
Elmhurst  
G l  endale  He igh ts  
Glen E l l y n  
Hanover Park 
H insda l  e  
Hoffman Es ta tes  
I tasca  
L i s l e  
Lombard 
Lombard He igh ts  
M t .  Prospect  
Naperv i  11 e  
Oak Brook 
Oak Brook Ter race  
P a l a t i n e  
Prospect  He igh ts  
R o l l  i ng Meadows 
Rose1 1  e  
Schaumburg 
Streamwood 




Wheel i n g  
Wi l lowbrook 
W i n f i e l d  
Wooddal e  
Woodri dge 
T o t a l  
Source: K e i f e r  and Assoc ia tes,  I n c .  1977. "Supplement t o  t h e  Regional  
Water Supply P lann ing  Study--A Phase Program f o r  Nor thwest  Cook 
and DuPage Count ies."  ~z.ternat;ve Water S u p p l y  Systems, ch. II., 
p. 11-11. 
Table 5 
Projected Water Demand for  the Chicago Water Supply System 
Present Additional Suburbs 
Year Users Plan 1 Plan 2 
(mqd (ygd ) (mgd 
1980 1043.2 48.34 48.34 
average value used by the Texas Water Development Board. This value assumes 
level horizontal transport, which i s  character is t ic  of the Chicago area. A 
more accurate value for the amount of headloss per mile would depend on struc- 
tural elements of the system and could only be determined by testing the system 
in operation. 
The additional distance the water would have t o  be transported was e s t i -  
mated t o  be approximately 1 4  miles (mi) for b o t h  Plans 1 and 2.  The total  
distance of transport from the lakefront treatment faci 1 i t i e s  to  the suburbs 
would then be approximately 30 mi, into DuPage County. 
The energy t o  transport 1 mil gal one foot was calculated t o  be 53 MJ. - 
This estimate was based on a 65 percent efficiency of electr ical  pumping. 
The projected energy requirement per unit  of water supplied for  the pres- 
ent water supply systern and the additional transport of water t o  outlying sub- 
urbs are given in Table 6 .  The fourth column of the table presents the total  
energy requirement per unit  of water supplied for Plan 1 .  This projection was 
derived from a weighted average of columns two and three. The total  energy 
requirement times the projected amount of water t o  be supplied under Plan 1 
gives the total annual energy consumption 1 isted in the l a s t  column. The same 
projections for Plan 2 are presented in Table 7 .  The his tor ic  and projected 
energy requirements and total  annual energy consumption are i 11  ustra ted in 
Figures 2 and 3. 
The resul ts  of the calculations for Plan 1 ,  which represents the minimum 
number of suburbs t o  be added t o  the c i ty  water supply system, indicate a 
Table 6 
P ro jec ted  Pr imary Energy Consumption Based on Plan 1 f o r  t h e  Chicago Water Supply System 
Year 
P ro jec ted  Energy 
Requi rement of 
Present  Sys tem 
(MJImi l  g a l )  
P ro jec ted  Energy Weighted Average 
Requirement t o  Energy Requirement P ro jec ted  T o t a l  
T ranspor t  Water Per U n i t  o f  Water Annual Energy 
t o  Suburbs Suppl i e d  Consumpti on 
(MJImi l  g a l )  (MJImi l  g a l )  (MJIYear x l o 8 )  
Table 7 
P ro jec ted  Pr imary Energy Consumption Based on Plan 2 f o r  t h e  Chicago Water Supply System 
Year 
P ro jec ted  Energy P ro jec ted  Energy Weiqhted Average: 
Requirement o f  Requirement t o  Energy Requirement P ro jec ted  
Present Sys tem Transpor t  b la ter  per  U n i t  o f  Water To ta l  Annual 
t o  Suburbs Suppl i ed Energy Consumpti on 
(MJImi l  g a l )  (MJImi 1 ga l  ) (MJ/mil g a l )  (MJIyear x l o 8 )  
I I I I 1 1 I I 
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 
Year 
His tor ic  Energy Requirement 
------ Projected Energy Requirement fo r  Plan 1 
............ Projected Energy Requirement fo r  Plan 2 
Figure 2.  Historic and projected primary energy requirement per un i t  
of water supplied fo r  the Chicago water supply system. 
Total Annual Primary Energy Consumption  ear  ear x 10') 
5.1 pe rcen t  i nc rease  i n  t h e  MJ/mi l  ga l  requ i rement  and a  25.8 pe rcen t  i nc rease  
i n  t h e  t o t a l  annual energy consumption between t h e  yea rs  1976 and 2010. The 
c a l c u l a t i o n s  f o r  P lan  2, which r ep resen t s  t h e  maximum number o f  suburbs t o  be 
supp l i ed  i n  t he  f u t u r e ,  i n d i c a t e  a  7.7 pe rcen t  i nc rease  i n  t h e  MJ/mil ga l  
requ i rement  and a  36.5 percen t  i nc rease  i n  t h e  t o t a l  annual energy consump- 
t i o n  between t he  years  1976 and 2010. I f  t h e  r e s u l t s  o f  Plans 1  and 2 g i v e  
a  reasonable  range, then we can p r o j e c t  abou t  a  6.4 percen t  i nc rease  i n  t h e  
MJ/mil ga l  requ i rement ,  and a  31.1 pe rcen t  i nc rease  i n  t h e  t o t a l  annual 
energy consumpti on. 
A1 though t h e  p r o j e c t i o n s  presented i n  t h i s  s tudy  a r e  rough es t imates  of 
f u t u r e  energy requi rements ,  a1 1  i n d i c a t i o n s  a r e  t h a t  t h e  amount o f  energy r e -  
q u i r e d  t o  supp ly  wa te r  i n  Chicago w i l l  i n c rease  i n  f u t u r e  years .  Assuming 
t h e  p o p u l a t i o n  o f  Chicago proper  remains s t a b l e ,  t h e  s i g n i f i c a n c e  of t h e  i n -  
c rease w i l l  depend on two f a c t o r s :  t h e  t y p e  o f  f u e l  t h e  water  department w i l l  
use t o  ope ra te  i t s  system and t he  number o f  a d d i t i o n a l  suburbs t h a t  w i l l  be 
supp l i ed  w i t h  water  by t h e  c i t y .  
S t .  Lou is  
The c i t y  o f  S t .  Lou i s  depends e n t i r e l y  on s u r f a c e  sources f o r  i t s  wa te r  
supply .  A  ma jo r  p o r t i o n  (71 pe rcen t )  o f  S t .  L o u i s ' s  wa te r  i s  drawn f rom t h e  
M i s s i s s i p p i  R i ve r ;  t he  r e s t  i s  taken f rom t h e  ! l i s s o u r i  R i v e r .  The water  i s  
p u r i f i e d  a t  two t r ea tmen t  f a c i l i t i e s :  t h e  Chain o f  Rocks p l a n t  ( l o c a t e d  on 
t he  M i s s i s s i p p i  R i v e r )  and t he  Howard Bend p l a n t  ( l o c a t e d  on t h e  M i s s o u r i  
R i v e r ) .  The l a r g e r  p l a n t ,  t he  Chain o f  Rocks, employs a  t r ea tmen t  s e r i e s  of 
chemical a d d i t i o n ,  coagu la t i on ,  s e t t l i n g ,  and rap id -sand  f i  1  t r a t i o n .  
L i k e  t h e  c i t y  o f  New Orleans f u r t h e r  downstream, S t .  Lou i s  has an abundant 
supp ly  of water .  Water o f f i c i a l s  suggest t h a t  because o f  S t .  L o u i s ' s  l o c a t i o n ,  
water  q u a l i t y  i s  l e s s  o f  a  problem than  i t  m igh t  be elsewhere on t h e  M i s s i s -  
s i p p i .  St .  L o u i s ' s  i n t a k e  i s  j u s t  below t he  p o i n t  where t h e  M i s s o u r i  R i v e r  
converges w i t h  t h e  M i s s i s s i p p i  so t h a t  t h e  M i s s i s s i p p i  wa te r  has been g r e a t l y  
d i l u t e d .  A t  t he  c i t y ' s  i n t a k e  on t h e  M i s s o u r i  R i ve r ,  t h e  ma jo r  w a t e r - q u a l i t y  
problem i s  t u r b i d i t y  r e s u l t i n g  f rom a g r i c u l t u r a l  r u n o f f ,  which wate r  o f f i c i a l s  
v iew as a  l e s s e r  problem than  i n d u s t r i a l  and mun i c i pa l  contaminants.  
The p o p u l a t i o n  of  S t .  Lou is  p roper  has d e c l i n e d  r a t h e r  d r a s t i c a l l y  f rom 
1950 t o  t h e  p resen t .  Census Bureau s t a t i s t i c s  show t h a t  S t .  L o u i s  had a  popu- 
l a t i o n  o f  856,796 i n  1950 as compared t o  t h e  515,000 peop le  t h e  c i t y  wa te r  
d i v i s i o n  now serves.  F l i g h t  t o  t h e  suburbs accounts  f o r  much o f  S t .  L o u i s ' s  
d e c l i n e  i n  p o p u l a t i o n .  The water  demand j u s t  o u t s i d e  o f  S t .  L o u i s  has g r e a t l y  
i nc reased ,  b u t  s i n c e  t h e  c i t y  o n l y  s u p p l i e s  wa te r  t o  a reas  t h a t  a r e  w i t h i n  t h e  
c i t y  1  i m i  t s  (and expects t o  c o n t i n u e  t o  do so i n  t h e  f u t u r e ) ,  t h e  w a t e r  demand 
i n  t h e  c i t y  i s  d e c l i n i n g .  I n d u s t r y ,  however, has remained i n  t h e  c i t y ,  and i t  
p r e s e n t l y  consumes approx imate ly  60 p e r c e n t  o f  t h e  t o t a l  wa te r  supp ly .  
S t .  L o u i s  a n t i c i p a t e s  no s c a r c i t y  o f  wa te r  i n  t h e  f u t u r e ,  as i t  p lans  t o  
c o n t i n u e  t o  use i t s  p r e s e n t  sources.  A lso,  t h e  amount o f  wa te r  t h e  c i t y  w i l l  
supp ly  i s  e x p e c t e d t o d e c l i n e .  P r o j e c t i o n s  i n d i c a t e  t h a t  S t .  L o u i s ' s  popula- 
t i o n  w i l l  c o n t i n u e  t o  d e c l i n e ,  a1 though n o t  as f a s t  as i n  r e c e n t  years  (see 
Tab le  8 ) .  industry may a l s o  j o i n  t h e  f l i g h t  t o  t h e  suburbs.  I t  i s  u n l i k e l y  
t h a t  a  g r e a t  dea l  o f  i n d u s t r y  w i l l  be moving i n t o  t h e  c i t y .  
Tab le  8  
P r o j e c t e d  P o p u l a t i o n  t o  Be Served by t h e  S t .  L o u i s  Water Supply Systern 
Year P r o j e c t e d  P o p u l a t i o n  
S t .  L o u i s ' s  wa te r  d i v i s i o n  s u p p l i e d  energy d a t a  f o r  t h e  y e a r s  1965 through 
1975. T a b l e  9  shows t h e  average d a i l y  wa te r  demand f o r  each y e a r  and t h e  ener-  
gy r e q u i r e d  per  u n i t  o f  wa te r  s u p p l i e d .  The energy d a t a  p resen ted  i n  T a b l e  9  
a r e  i n  terms o f  p r i m a r y  energy requ i rernents .  I n  1975, f o r  example, t h e  S t .  
L o u i s  wa te r  supp ly  system consumed 72,000,000 kwh o f  e l e c t r i c i t y ,  wh ich  g i v e s  
a  p r i m a r y  energy requ i rement  o f  13,485 MJ/mil g a l .  I f ,  i n s t e a d ,  t h e  d i r e c t  
energy requ i rement  i s  c a l c u l a t e d ,  t h e  requ i rement  i s  o n l y  4,373 MJ/mi l  g a l ,  
wh ich i s  a p p r o x i r r ~ a t e l y  68 p e r c e n t  l ower  than  t h e  p r i m a r y  energy c a l c u l a t i o n .  
P r i o r  t o  1973, t h e  energy r e q u i r e d  t o  o p e r a t e  t h e  wa te r  system was sup- 
p l  i e d  by a  comb ina t ion  o f  purchased e l e c t r i c i t y  and c o a l .  To comply w i t h  new 
T a b l e  9  
H i s t o r i c  Water Demands and Pr imary  Energy Requirements 
o f  t h e  S t .  L o u i s  Water Supply  System 
Average Amount o f  T o t a l  P r imary  Energy Requi red p e r  
Year Water Suppl i ed Energy Consumption U n i t  o f  Water S u p p l i e d  
(mgd ( M ~ / d a y  x  l o 6 )  (MJ/mi l  g a l )  
*Th is  f i g u r e  was e s t i m a t e d  t o  be t h e  f u t u r e  energy requ i . rement  t o  supp ly  a  
u n i t  o f  w a t e r .  
c l e a n  a i r  s tandards ,  c o a l  was gradua l  l y  phased o u t  ( s t a r t i n g  i n  1969) so t h a t  ' 
i n  1973 a l l  t h e  o p e r a t i n g  energy was p r o v i d e d  by purchased e l e c t r i c i t y .  As 
t h e  d a t a  i n  T a b l e  9  demonst ra te ,  t h e  p r i m a r y  energy needed t o  s u p p l y  a  u n i t  
o f  w a t e r  has d e c l i n e d .  E l e c t r i c i t y  has been a  more e f f i c i e n t  means o f  sup- 
p l y i n g  energy t h a n  c o a l  a t  t h e  p o i n t  o f  end use.  
Because o f  t h e  sharp d e c l i n e  i n  t h e  energy r e q u i r e d  p e r  u n i t  o f  w a t e r  
s u p p l i e d  from 1965 th rough  1975, a  s t r a i g h t - l i n e  e x t r a p o l a t i o n  o f  t h e  d a t a  
does n o t  g i v e  a  r e a l i s t i c  f u t u r e  energy requ i rement .  T h e r e f o r e ,  t h e  energy 
needed t o  t r e a t  and s u p p l y  a  u n i t  o f  wa te r  i n  f u t u r e  y e a r s  was t a k e n  t o  be 
t h e  same as t h e  energy r e q u i r e d  i n  1975. T h i s  e s t i m a t e  was based on two 
assumpt ions : 
1. S i n c e  t h e  p r e s e n t  system o f  s u p p l y i n g  wa te r  i s  t o  be m a i n t a i n e d ,  and 
no new sources developed, i t  i s  u n l i k e l y  t h a t  t h e  energy r e q u i r e m e n t  
w i  11 i ncrease.  
2. The da ta  f o r  t h e  years  1973, 1974, and 1975 seem t o  i n d i c a t e  a  
l e v e l i n g  o u t  o f  t h e  energy requ i rement  once t h e  c o n v e r s i o n  from 
c o a l  t o  e l e c t r i c i t y  was completed.  
To p r o j e c t  t h e  amount o f  water  t h a t  w i l l  be s u p p l i e d  i n  f u t u r e  years ,  
t h e  average mgd f o r  t h e  y e a r s  1965 th rough  1975 was e x t r a p o l a t e d  by l i n e a r  
r e g r e s s i o n .  The p r o j e c t e d  mgd was t h e n  m u l t i p l i e d  by t h e  energy requ i rement  
f o r  1975 and 365 days t o  g i v e  t h e  t o t a l  annual  energy consumpt ion.  As t h e  
r e s u l t s  i n  Tab le  10 demonstrate,  t h e  amount o f  w a t e r t h a t  t h e  c i t y  w i l l  supp ly  
i n  t h e  f u t u r e  w i l l  be l e s s  t h a n  a t  p resen t ,  and t h u s  t h e  anount  of  t o t a l  an- 
nua l  energy consumpt ion w i l l  a l s o  be l e s s .  T h i s  d e c l i n e  i s  i l l u s t r a t e d  i n  
F i g u r e  4. Comparison between t h e  years  1975 and 2000 i n d i c a t e s  a  32 p e r c e n t -  
decrease i n  t o t a l  annual energy consumpt ion.  
Tab le  1 0  
P r o j e c t e d  Water Demand and Pr imary  Energy Consumption 
o f  t h e  St .  L o u i s  Water Supply System 
Water Energy Requi red p e r  T o t a l  Annual Energy 
Year Demand Uni t o f  Water Supp l ied  Consumption 
(mgd (MJ/mi l  ~ a l )  ( M ~ / y e a r  x  10') 
Because t h e  amount o f  wa te r  S t .  L o u i s  s u p p l i e s  has n o t  d e c l i n e d  as r a p i d -  
l y  as i t s  p o p u l a t i o n  (because i n d u s t r y  has remained i n  t h e  c i t y ) ,  p e r  c a p i t a  
consumpt ion f i g u r e s  were n o t  used t o  p r o j e c t  t h e  f u t u r e  wa te r  demand. Ex t rap -  
o l a t i o n  of p a s t  p e r  c a p i t a  consumpt ion r a t e s  would skew t h e  p r o j e c t i o n  upward 
i n  a  manner i n c o n s i s t e n t  w i t h  t h e  expected d e c l i n e  i n  t h e  number o f  peop le  t o  
be served.  
I f  one were t o  assume t h a t  t h e  p e r  c a p i t a  consumpt ion r a t e  would be t h e  
same i n  t h e  f u t u r e  years  t h a t  i t  was i n  1974 (318 ga l /pe rson /day )  and t h a t  
t h e  energy requ i rement  p e r  u n i t  o f  water  were a l s o  t o  remain a p p r o x i m a t e l y  t h e  
same, then  t h e  t o t a l  annual energy consumption would a l s o  remain e s s e n t i a l l y  
t h e  same, dec reas ing  s l  i g h l y  i r ~  p r o p o r t i o n  t o  t h e  expected decrease i n  p o p u l a t i o n .  
Total Annual Primary Energy Consumption (MJ/year x loe) 
Based on observed t rends  i n  t h e  d a t a  c o l l e c t e d  and on c o n v e r s a t i o n s  w i t h  
S t .  L o u i s  wa te r  o f f i c i a l s ,  i t  seems reasonab le  t o  conc lude t h a t  t h e  energy 
r e q u i r e d  t o  opera te  S t .  L o u i s ' s  wa te r  supp ly  system w i l l  n o t  i n c r e a s e  s i g n i f -  
i c a n t l y  i n  t h e  f u t u r e .  Given t h e  assurr~pt ions made i n  t h i s  s tudy ,  t h e  amount 
o f  energy consumed w i l l  a c t u a l l y  decrease by 32 p e r c e n t  (an upper 1  i m i  t )  o r  
t o  a  f i g u r e  s l i g h t l y  lower  than  what i t  i s  now. 
New Or leans 
New Orleans p r e s e n t l y  o b t a i n s  i t s  wa te r  supp ly  f rom t h e  f 4 i s s i s s i p p i  R i v e r .  
Wi th  t h i s  r e a d i l y  a v a i l a b l e  source o f  water  c l o s e  by, t h e  c i t y  does n o t  face 
any shor tage  of wa te r ,  a l t h o u g h  water  q u a l i t y  i s  a  ma jo r  c o n s i d e r a t i o n .  Be- 
cause i t  i s  l o c a t e d  a t  t h e  mouth o f  t h e  Y i s s i s s i p p i  R i v e r ,  New Or leans i n t a k e s  
water  t h a t  has been p o l l u t e d  by many users  upstream. For  t h i s  reason (and be- 
cause New Orleans does have a  s i g n i f i c a n t  w i thd rawa l  r a t e  compared w i t h  o t h e r  
U n i t e d  S t a t e s  c i t i e s ) ,  we chose t o  examine t h e  energy requ i rements  of t h e  New 
Or leans water  supp ly  system as an example o f  a  c i t y  w i t h  a  r e l a t i v e l y  l ow 
q u a l i t y  source of wa te r .  U l t i m a t e l y ,  o u r  o b j e c t i v e  was t o  compare t h i s  sys-  
tems 's  energy requ i rement  t o  supp ly  and t r e a t  a  u n i t  o f  wa te r  w i t h  t h e  energy 
requ i rement  f o r  t h e  c i t y  o f  Chicago, which has a  r e l a t i v e l y  c l e a n  source o f  
wa te r .  Both employ t h e  same t r e a t m e n t  process.  The purpose o f  t h e  comparison 
was t o  determine whether t h e  energy requ i rement  i nc reases  s i g n i f i c a n t l y  if t h e  
q u a l i t y  o f  wa te r  d e c l i n e s .  
The c i t y  of New Orleans t r e a t s  i t s  wa te r  a t  t h e  C a r r o l l  t o n  P u r i f i c a t i o n  
P l a n t ,  a  232 mgd c a p a c i t y  p l a n t  l o c a t e d  on t h e  e a s t  bank o f  t h e  M i s s i s s i p p i  
R i v e r .  (The A l g i e r s  Treatment P l a n t ,  a  much s m a l l e r  f a c i l i t y  l o c a t e d  on t h e  
west  bank o f  t h e  r i v e r ,  serves t h e  wes te rn  p a r t  o f  t h e  c i t y .  I t  has a  r a t e d  
c a p a c i t y  o f  15 mgd. ) The C a r r o l l  t o n  p l a n t  employs a  s e r i e s  o f  chemical  add i  - 
t i o n ,  m i x i n g ,  sed imenta t ion ,  and r a p i d  sand f i  1  t r a t i o n  i n  i t s  t r e a t m e n t  process.  
Spec ia l  equipment adds a c t i v a t e d  carbon s l u r r y  when i t  i s  necessary  t o  c o n t r o l  
wa te r  q u a l i t y .  , 
The t o t a l  amount o f  energy r e q u i r e d  t o  opera te  t h e  system i s  t h e  sum of 
t h e  energy consunled i n  pumping t h e  wa te r  f rom t h e  r i v e r  t o  t h e  t r e a t m e n t  p l a n t ,  
t r e a t i n g  t h e  wa te r  and d i s t r i b u t i n g  i t  through t h e  c i t y .  T h i s  energy i s  p ro -  
v i d e d  by e l e c t r i c a l  power, generated on s i t e  by a  c i t y -owned  power p l a n t .  
New Orleans o n l y  supp l i es  wa te r  t o  areas w i t h i n  t he  c i t y ' s  l i m i t s .  Most 
of the  i n d u s t r i e s  i n  t he  c i t y  have d r i l l e d  t h e i r  own w e l l s ,  so o n l y  a  few 
i n d u s t r i e s  o b t a i n  t h e i r  wa te r  f rom t h e  pub1 i c  supply .  Thus, t he  p o p u l a t i o n  
of t h e  c i t y  i s  t he  r e a l  i n d i c a t o r  o f  consumption. Data i n d i c a t e  t h a t  New 
Or l eans ' s  p o p u l a t i o n  has been d e c l i n i n g  s i n c e  1960, and p r o j e c t i o n s  show t h i s  
t r e n d  c o n t i n u i n g  i n t o  t h e  f u t u r e .  The amount of water  supp l i ed  i n  f u t u r e  
years  i s  1  i k e l y  t o  be l e s s  than a t  p resen t .  
New Orleans p l ans  t o  con t i nue  u s i n q  t h e  M i s s i s s i p p i  R i v e r  as i t s  s o l e  
source of wa te r .  There i s  a  cons iderab le  amount o f  groundwater a v a i l a b l e  i n  
t h i s  area, r a i s i n g  t h e  ques t i on :  I f  i n  t h e  f u t u r e  t h e  wate r  q u a l i t y  of t h e  
M i s s i s s i p p i  R i ve r  makes i t  p r o h i b i t i v e l y  expensive t o  use, w i l l  a  convers ion  
t o  groundwater occur?  The New Orleans C i t y  Water and Sewer Board does n o t  
a n t i c i p a t e  t h i s  happening. The c i t y  p lans  t o  con t i nue  u s i n g  t h e  M i s s i s s i p p i  
R i v e r  as i t s  source of water  supp ly  f a r  i n t o  t h e  f u t u r e .  
The New Orleans C i t y  Water and Sewer Board p rov i ded  consumption and ener-  
gy da ta  f o r  t h e  years  1973 through 1976. The power p l a n t  operated by t h e  
c i t y  supp l i es  power t o  t h r e e  d i v i s i o r l s  o f  t he  c i t y ' s  wa te r  system: wa te r  
t rea tment ,  sewage t reatment ,  and d ra inage  pumping . A1 though t h e  c i t y  suppl  i es 
i t s  own power, t h e  da ta  we ob ta ined  were l i m i t e d  because p r i o r  t o  1973 t h e  
data were n o t  d i f f e r e n t i a t e d  as t o  where t h e  energy s u p p l i e d  t o  t h e  whole 
system was be ing  consumed, e.g., wa te r  t rea tment ,  sewage t rea tment ,  o r  d r a i n -  
age pumping. However, based on t h e  da ta  t h a t  were a v a i l a b l e  and on conversa- 
t i o n s  w i t h  New Orleans wate r  o f f i c i a l s ,  an a t t emp t  was made t o  c h a r a c t e r i z e  
t he  energy requ i rement  o f  t he  p resen t  wa te r  supp ly  system and t o  p r o j e c t  what 
i t  w i l l  be i n  t he  f u t u r e .  
The wate r  demand and energy da ta  f o r  t h e  years  1973 th rough  1976 a r e  
p resen ted  i n  Table  11. The l a s t  column o f  t h e  t a b l e  i n d i c a t e s  t h e  p r ima ry  
energy requ i rement  p e r  u n i t  o f  water  supp l i ed .  I n  1976, f o r  example, t h e  New 
Orleans water  supp ly  system consumed 50,979,000 kwh o f  e l e c t r i c i t y ,  g i v i r l g  a  
p r ima ry  energy requ i rement  o f  12,601 MJ/mi l  g a l .  The d i r e c t  energy requ i rement  
f o r  1976, by c o n t r a s t ,  would be 4,088 MJ/mil ga l ,  which i s  approx imate ly  68 
percen t  1  ower than  t h e  prirr lary energy requ i rement .  
Tab le  11 
H i s t o r i c  Water Demands and Pr i r r~a ry  Energy Requirements 
of t h e  New Or leans Water Supply  System 
Average Amount o f  Energy Requ i red  p e r  
Year Water Supp l ied  T o t a l  Energy Consumption U n i t  o f  Water Supp l ied*  
(mgd ) (MJ/day x  1  0 6 )  (MG/mi 1  g a l  ) 
The f u t u r e  energy r e q u i r e m e n t  pe r  u n i t  of w a t e r  s u p p l i e d  was o b t a i n e d  by 
a v e r a g i n g  t h e  f i g u r e s  f o r  1973 t h r o u g h  1976. T h i s  e s t i m a t e  was based on two 
assumpt ions : 
1.  The energy requ i rement  i s  l i k e l y  t o  rema in  a p p r o x i m a t e l y  t h e  same 
s i n c e  New Or leans p l a n s  t o  m a i n t a i n  i t s  p r e s e n t  wa te r  s u p p l y  system 
and n o t  deve lop  any new sources.  
2. The p r e s e n t  energy r e q u i r e m e n t  w i l l  n o t  be a f f e c t e d  by  new d r i n k i n g  
w a t e r  s tandards . 
The p e r  c a p i t a  consumpt ion d a t a  ( g a l  /person/day)  f o r  1973 t h r o u g h  1976 
were e x t r a p o l a t e d  by i i n e a r  r e g r e s s i o n ,  wh ich  i n d i c a t e s  a  sma l l  d e c l i n e  i n  t h e  
f u t u r e .  ( C i t y  w a t e r  o f f i c i a l s  a l s o  p r o j e c t  t h a t  t h e  p e r  c a p i t a  consumpt ion 
r a t e  w i l l  be l o w e r  i n  t h e  f u t u r e  because i t  has been d e c l i n i n g  f o r  s e v e r a l  
y e a r s . )  P r o j e c t e d  p o p u l a t i o n  f i g u r e s  ( s u p p l i e d  by  t h e  New Or leans  Chamber 
o f  Commerce) were a p p l  i e d  t o  t h e  p r o j e c t e d  p e r  c a p i t a  consumpt ion r a t e s  t o  ob- 
t a i n  a  f u t u r e  wa te r  demand (see T a b l e  1 2 ) .  The t o t a l  annual  energy consumpt ion 
f o r  f u t u r e  y e a r s  was determined by m u l t i ~ l y i n g  t h e  p r o j e c t e d  mqd t i m e s  365 
days t imes  t h e  average energy r e q u i r e m e n t  f o r  1973 th rouqh  1976. These r e s u l t s  
a r e  n resen ted  i n  Tab le  13 and i l l u s t r a t e d  i n  F i g u r e  5. 
These p r o j e c t i o n s  i n d i c a t e  a  14 p e r c e n t  decrease i n  t o t a l  annual  energy 
consumpt ion between t h e  y e a r s  1975 and 2000. T h i s  d e c l  i n e  i s  based on a  
decrease i n  t h e  c i t y ' s  p o p u l a t i o n .  
Table 12 
P ro jec ted  Water Demand of t he  New Orleans Water Supply System 
P ro jec ted  Per P ro jec ted  P ro jec ted  
Year Capi t a  Consumption Popu la t i on  Water Demand 
( g a l  1 onslperson-day) ( W d  
*Est imated f i gu re - -da ta  no t  a v a i l a b l e  
Table 13 
P ro jec ted  Pr imary Energy Requirements of  t he  
New Or1 eans Water Supply System 
P ro jec ted  Energy P ro jec ted  To ta l  
P ro jec ted  Water Requirement Per U n i t  Annual Energy 
Year Demand o f  Water Suppl I ed Consumption 
(rngd) (f.IJ/mi 1 ga l  ) (MJ/Year x l o 8 )  
Total Annual Primary Energy Consumption (M~/year x lo8) 
30 
As mentioned i n  t h e  beg inn ing  of t h i s  sec t i on ,  one o f  ou r  o b j e c t i v e s  i n  
c h a r a c t e r i z i n g  t h e  New Or1 eans water  supp ly  system was t o  compare i t s  energy 
requi rements  w i t h  those o f  Chicago 's  system. Th i s  comparison i s  presented i n  
Table  14. The energy requi rement  per  u n i t  o f  wa te r  supp l i ed  f o r  t h e  years  
1973 through 1976 f o r  t h e  two systems i s  shown. 
Table  14 
Comparison o f  t h e  Prirnary Energy Requi rement 
per U n i t  of Water Suppl ied f o r  New Or leans and Chicago 
Energy Required per  U n i t  o f  Water Energy Required per  U n i t  of Water 
Year Suppl ied i n  New Orleans Suppl ied i n  Chicago 
(MJ/mil ga l  ) (MJ/mi l  g a l )  
A l though t h e  energy da ta  a v a i l a b l e  f o r  New Orleans were 1 i m i t e d ,  t h e  com- 
p a r i s o n  does i n d i c a t e  t h a t  more energy i s  r e q u i r e d  t o  s u p ~ l y  a u n i t  o f  water  
i n  New Or leans than  i n  Chicago. T h i s  d i f f e r e n c e  i n  t h e  amour~t o f  energy r e -  
q u i r e d  cou ld  be accounted f o r  by a number o f  f a c t o r s ,  e -g . ,  t h e  water  qua1 i t y  
o f  t h e  source o f  water ,  e f f i c i e n c y  o f  s c a l e  (Chicago t r e a t s  r o u g h l y  t e n  t imes 
more water  d a i l y  than  New Orleans, making i t  a more e f f i c i e n t  system), and 
o p e r a t i o n a l  d i f f e r e n c e s .  To determine t h e  impor tance o f  each o f  these f ac to r s ,  
a more d e t a i l e d  comparison o f  t h e  two systems would be necessary.  To c o n s t r u c t  
a f l o w  diagram f o r  t h e  New Or l ea r~s  system s i m i l a r  t o  t h e  one cons t ruc ted  f o r  
Chicago, a d d i t i o n a l  da ta  would need t o  be c o l l e c t e d .  (Ch icago 's  f l ow  diagram 
i s  presented l a t e r  i n  t h i s  paper. ) A f l o w  diagram f o r  energy and m a t e r i a l s  
would o f f e r  a comparison o f  t h e  two systems u n i t  by u n i t ,  which would be t he  
b e s t  method o f  de te rm in i ng  t h e  cause o f  t h e  energy requ i rement  d i f f e r e n c e .  
Denver 
The water  supp ly  f o r  t h e  c i t y  o f  Denver i s  ob ta ined  e n t i r e l y  f rom sur face 
sources. The water  system i s  comprised o f  t h r e e  d i v i s i o n s :  t h e  South P l a t t e  
Watershed and two t rans-mounta i  n d i v e r s i o n  systems, t h e  b !o f fa t  System, and t h e  
Rober ts  Tunnel System, t h e  l a t t e r  two d i v e r t i n g  wa te r  f rom t h e  Colorado R i v e r  
Bas in .  O f  t h e  t o t a l  amount o f  wa te r  s u p p l i e d ,  43 p e r c e n t  i s  d e r i v e d  from t h e  
South P l a t t e  Watershed, 29 p e r c e n t  f rom t h e  M o f f a t  System, and 28 p e r c e n t  
f rom t h e  Rober ts  Tunnel System. 
The c i t y  o f  Denver developed a l o n g  t h e  South P l a t t e  R i v e r  and o r i g i n a l l y  
drew a l l  o f  i t s  wa te r  supp ly  f rom t h e  r i v e r .  Over t ime,  f o u r  m a j o r  r e s e r v o i r s ,  
t h e  Marston,  Cheesman, Antero,  and E l  even Pli 1  e  Canyon R e s e r v o i r s ,  were con- 
s t r u c t e d  t o  i n c r e a s e  t h e  s t o r a g e  c a p a c i t y  o f  t h e  watershed. T h i s  source  even- 
t u a l l y  became inadequate t o  meet demands, and two t rans -moun ta in  d i v e r s i o n  
p r o j e c t s  were b u i l t  t o  t h e  west o f  Denver t o  draw water  f rom t h e  Colorado 
R i v e r  Bas in .  C o n s t r u c t i o n  o f  t h e  f i r s t  p r o j e c t ,  t h e  I l o f f a t  Tunnel System, . 
began i n  1936. T h i s  system c o n s i s t s  o f  two d i v e r s i o n s ,  t h e  F raser  R i v e r  D i -  
v e r s i o n  and t h e  W i l l  iams Fork  D i v e r s i o n ,  p l u s  a  6-mi t u n n e l  under t h e  
C o n t i n e n t a l  D i v i d e  t h a t  b r i n g s  water  t o  two s t o r a g e  r e s e r v o i r s  l o c a t e d  n o r t h -  
west  o f  Denver. 
The Rober ts  Tunnel System, t h e  second d i v e r s i o n  p r o j e c t ,  was completed 
i n  1963. T h i s  system c o n s i s t s  o f  t h e  D i l l o n  R e s e r v o i r  (wh ich  has a  s t o r a g e  
c a p a c i t y  of  254,036 a c r e  f t  o f  w a t e r )  and a  23-mi t u n n e l  under t h e  C o n t i n e n t a l  
D i v i d e .  Water from t h i s  d i v e r s i o n  d ischarges  i n t o  t h e  South P l a t t e  Watershed. 
Denver p r e s e n t l y  opera tes  t h r e e  w a t e r  t r e a t m e n t  f a c i l i t i e s .  The Kass le r  
p l a n t ,  wh ich  has a  r a t e d  c a p a c i t y  o f  50 mgd, and t h e  Mars ton p l a n t ,  wh ich  has 
a  r a t e d  c a p a c i t y  of  260 mgd, b o t h  t r e a t  wa te r  o b t a i n e d  f rom t h e  Rober ts  Tunnel 
System and t h e  South P l a t t e  Watershed. The Kass le r  f a c i l i t y  employs a  t r e a t -  
ment s e r i e s  o f  p r e s e t t l  i n g ,  slow-sand f i  1  t r a t i o n ,  and p o s t c h l o r i n a t i o n ,  w h i l e  
t h e  Mars ton  f a c i l i t y  u t i l i z e s  a  s e r i e s  of  p re settling, p r e c h l o r i n a t i o n ,  coagu- 
l a t i o n ,  m i x  media f i l t r a t i o n ,  and p o s t c h l o r i n a t i o n .  The f l o f f a t  t r e a t m e n t  p l a n t  
t r e a t s  t h e  wa te r  d e r i v e d  f rom t h e  l l l o f f a t  Tunnel System. T h i s  system employs 
p r e s e t t l i n g ,  c o a g u l a t i o n ,  r a p i d  sand f i l t r a t i o n ,  p o s t c h l o r i n a t i o n ,  and 
f l u o r i d a t i o n .  
The t o t a l  wa te r  supp ly  system f o r  Denver enconipasses's ix s t o r a g e  r e s e r -  
v o i  r s ,  f o u r  o p e r a t i n g  r e s e r v o i r s ,  and t h r e e  w a t e r - t r e a t m e n t  f a c i  1  i t i e s  (see 
F i g u r e  6 ) .  The c a p a c i t y  o f  t h e  o p e r a t i n g  r e s e r v o i r s  i s  10,027.0 m i l  g a l .  
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F i g u r e  6. Denver w a t e r  s u p p l y  system. 
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T h i s  c a p a c i t y ,  coup led w i t h  t h e  c a p a c i t y  o f  t h e  s t o r a g e  r e s e r v o i r s ,  g i v e s  a  
t o t a l  wa te r  s t o r a g e  c a p a c i t y  o f  169,850.4 m i l  g a l .  
The energy consurr~ed i n  a c q u i r i n g ,  t r e a t i n g ,  and d i s t r i b u t i n g  t h e  water  i s  
s u p p l i e d  by purchased e l e c t r i c a l  power. Denver 's  wa te r -supp ly  system does i n -  
c l u d e  a  power p l a n t  l o c a t e d  a t  t h e  W i l l i a m s  Fork  Dam and R e s e r v o i r .  The ener-  
gy produced a t  t h i s  g e n e r a t i n g  p l a n t  i s  n o t ,  however, used t o  meet t h e  water  
sys tem 's  energy requ i rements .  Ins tead ,  i t  i s  d e l i v e r e d  t o  t h e  U.S. Bureau of 
Rec lamat ion i n  r e t u r n  f o r  t h e  r i g h t  t o  d i v e r t  wa te r  a t  t h i s  s i t e .  I n  1976, 
t h e  power p l a n t  produced a  t o t a l  o f  6,663,000 kwh. A smal l  p o r t i o n  was used 
f o r  l o c a l  o p e r a t i o n s  and t h e  r e s t  d e l i v e r e d  t o  t h e  U.S. Bureau o f  Reclamat ion.  
The c i t y  o f  Denver has exper ienced a  s teady i n c r e a s e  i n  p o p u l a t i o n  i n  t h e  
p a s t  decade. P r o j e c t i o n s  i n d i c a t e  t h a t  t h i s  t r e n d  i s  expected t o  c o n t i n u e  i n  
t h e  f u t u r e .  (See p o p u l a t i o n  p r o j e c t i o n s  i n  Table  1 5 ) .  The Denver Water De- 
pa r tmen t  e s t i m a t e s  t h a t  t h e  number o f  people  i t s  system w i l l  supp ly  w i l l  i n -  
c rease f r o m  t h e  904,000 people  served i n  1976 t o  approx imate ly  1,434,100 people  
i n  t h e  y e a r  2000, a  58.6 p e r c e n t  i nc rease .  The water  d e ~ a r t m e n t  a l s o  p r o j e c t s  
t h a t  i t s  p r e s e n t  sources o f  supp ly  w i  11 be inadequate t o  meet t h e  c i t y ' s  water  
demand by 1990. 
Tab le  15 
P r o j e c t e d  P o p u l a t i o n  t o  Be Served by t h e  Denver Water Supply System 
Year P o p u l a t i o n  
To a v o i d  a  wa te r  shor tage  i n  f u t u r e  years ,  Denver has made p lans  f o r  
a d d i t i o n a l  wa te r  a c q u i s i t i o n  p r o j e c t s .  These p l a n s  i n c l u d e  two new t r a n s -  
mounta in  d i v e r s i o n  p r o j e c t s  ( t h 2  Eas t  Gore and t h e  Eagle  P iney p r o j e c t s ) ,  a  
dam and r e s e r v o i r  t o  i n c r e a s e  s t o r a g e  i n  t h e  South P l a t t e  R i v e r  Basin,  and a  
new water  t r e a t m e n t  f a c i l i t y .  The proposed t r e a t m e n t  p l a n t  would produce i t s  
own power w i t h  h y d r o t u r b i n e  g e n e r a t o r s .  The Denver Water Department a l s o  
p lans  t o  have i n  o p e r a t i o n  by 1980 a  1  mgd f a c i l i t y  t h a t  would produce p o t a b l e  
water  from sewage e f f l u e n t .  Water f rom t h e  f a c i l i t y  would be t e s t e d  over  a  
number of yea rs  i n  o rde r  t o  determine t he  f e a s i b i l i t y  o f  wa te r  reuse  as a  
f u t u r e  source o f  supply .  
Cons t ruc t i on  o f  these p r o j e c t s ,  however, has been de layed by l a n d  manage- 
ment c o n t r o v e r s i e s  and e n v i r o n m e n t a l i s t s '  concerns. I n  1976, an Eagles Nest 
Wi lderness Region was es tab l i shed  i n  t he  area where Denver planned t o  c o n s t r u c t  
i t s  two new d i v e r s i o n  p r o j e c t s .  S ince d i v e r s i o n  s t r u c t u r e s  a r e  banned i n  such 
w i lde rness  areas,  t h e  water  would have t o  be d i v e r t e d  a t  lower  e l e v a t i o n s  ou t -  
s i d e  t h e  r e g i o n ' s  boundar ies,  which would r e q u i r e  t h e  Denver Water Department 
t o  pump t h e  d i v e r t e d  water  t o  t he  D i l l o n  Reservo i r  f o r  s t o rage  i n s t e a d  of 
u t i  1  i z i n g  g r a v i t y  f l o w  as o r i g i n a l l y  planned. The a d d i t i o n a l  pumping would 
r e q u i r e  an es t imated  231 m i l l i o n  kwh annua l l y ,  a t  a  c o s t  o f  $2.9 m i l l i o n ,  an 
expend i t u re  Denver seeks t o  avo id .  
The c o n s t r u c t i o n  o f  t he  proposed dam, r e s e r v o i r ,  and water  t r ea tmen t  fa-  
c i l i t y  has a l s o  been h a l t e d  because o f  o b j e c t i o n s  f rom e n v i r o n m e n t a l i s t s  who 
f ee l  an inc reased  wate r  supp ly  would o n l y  c o n t r i b u t e  t o  Denver 's  growth and 
thus i n d i r e c t l y  worsen t h e  c i t y ' s  a l r e a d y  se r i ous  p o l l u t i o n  problems. 
A t  t h i s  p o i n t ,  i t  i s  unc lea r  whether Denver ' s  c o n t r o v e r s i a l  p l ans  f o r  
expanding t h e  c i t y ' s  water  supp ly  w i l l  be implemented. However, f o r  t h e  pur -  
poses of t h i s  s tudy,  i t  i s  assurr~ed t h a t  t h e  proposed t r ea tmen t  f a c i l i t y ,  
s t o rage  r e s e r v o i r ,  and d i v e r s i o n  p r o j e c t s  ( e i t h e r  w i t h  a d d i t i o n a l  pumping o r  
w i t h o u t  i t )  w i l l  be cons t ruc ted .  
The p r o j e c t i o n s  o f  t h e  f u t u r e  energy requi rements  o f  Denver ' s  wa te r  sup- 
p l y  system presented i n  t h i s  s tudy  were based on h i s t o r i c  water  and energy 
consumption f i g u r e s .  Data s p e c i f y i n g  t h e  amount o f  wa te r  s u p p l i e d  and t h e  
energy consumed i n  1950 and i n  t h e  years  1965 th rough  1976 were suppl  i e d  t o  
us by t h e  Denver Water Department and a r e  presented i n  Tables 16 and 17. The 
energy da ta  presented i n  Table  17 i s  i n  terms o f  p r i ~ n a r y  energy requ i rements .  
I n  1976, f o r  example, t he  Denver water  supp l y  system consumed 50,500,045 kwh 
o f  e l e c t r i c i t y ,  wh ich  g i v e s  a  p r ima ry  energy requ i rement  o f  8,202 MJ/mi l  g a l .  
The d i r e c t  energy requi rement ,  however, i s  o n l y  2,658 MJ/mi l  g a l ,  which i s  
app rox ima te l y  68 pe rcen t  lower  than  t h e  p r ima ry  energy c a l c u l a t i o n .  
T a b l e  16 
H i s t o r i c  Water Demand o f  t h e  Der~ver  Water Supply System 
Average Amount o f  Per Capita 
Year Water Suppl i e d  Popul a t i on Served Consumption 
(mgd) (ga l  1 ons/person/day) 
Tab le  17 
H i s t o r i c  P r i m a r y  Energy Requirement p e r  U n i t  o f  Water 
Supp l ied  f o r  t h e  Denver b!ater Supply  System 
Average Amount o f  Average Amount o f  Energy Required o f  
Year Water Suppl i e d  Energy Consumed U n i t  o f  Water Suppl i e d  
(mgd (mgd x l o 5 )  
Denver 's  f u t u r e  wa te r  demand was es t imated  by e x t r a p o l  a t i  ng 1  i n e a r l y  t h e  
per  c a p i t a  consumption r a t e s  f o r  1950 and 1965 through 1976 shown i n  t h e  l a s t  
column o f  Table  16. The p r o j e c t e d  per  c a p i t a  cor~surnpt ion r a t e  was mu1 t i p 1  i e d  
by t h e  p r o j e c t e d  p o p u l a t i o n  t o  be served t o  determine an average d a i l y  water  
demand. These p r o j e c t i o n s  a r e  presented i n  Table  18. 
Table  13 
P ro j ec ted  Water Demand o f  t h e  Denver Water Supply System 
P ro jec ted  Popu la t i on  P ro j ec ted  p e r  Cap i t a  P ro j ec ted  Water 
Year t o  be served Consumpti on Demand 
(ga l  /person/day) 
The Denver water  departrr~ent p r e d i c t s  t h a t  t h e  p resen t  wa te r  supp ly  system 
w i l l  r each  i t s  c a p a c i t y  by 1990. Giver1 t h i s  p r e d i c t i o n ,  t h e  p r o j e c t e d  water  
demand f o r  1990 (237.9 mgd) i s  assumed he re  t o  be equal t o  t h e  c a p a c i t y  of t h e  
p resen t  syster~l .  The water  supp l i ed  over  t h i s  l e v e l  o f  c a p a c i t y  rrlust come from 
water  added t o  t he  system by t h e  new d i v e r s i o n  p r o j e c t s .  For example, t h e  
p r o j e c t e d  wate r  demand f o r  t h e  yea r  2000 i s  333.9 mgd , a  96 rngd i nc rease  over  
t h e  1990 p r o j e c t i o n .  T h i s  a d d i t i o n a l  96 mgd w i l l  be drawn f rom t h e  water  
p rov i ded  by new p r o j e c t s .  
As t h e  da ta  i n  Table  17 demonstrate,  t h e  energy r e q u i r e d  t o  supp ly  a  u n i t  
o f  water  has been i n c r e a s i n g .  Th i s  i nc rease  i s  a t t r i b u t a b l e  t o  t h e  f a c t  t h a t  
t h e  a d d i t i o n a l  water  needed t o  meet t h e  r i s i n g  water  demand o f  t h e  c i t y  must 
be ob ta i ned  f rom t h e  rrlore ene rgy - i n t ens i ve  p a r t s  o f  t h e  system. Thus, t h e  
energy requ i rement  per  u n i t  o f  wa te r  supp l i ed  i s  1  i k e l y  t o  c o n t i n u e  t o  i nc rease  
i n  t he  f u t u r e .  
To e s t i m a t e  what t h e  a c t u a l  f u t u r e  energy requ i rement  w i  11 be, t h e  data 
i n  t h e  l a s t  column o f  Table  17 were e x t r a p o l a t e d  u s i n g  a  l i n e a r  r eg ress i on .  
The r e s u l t s  o f  t h i s  e x t r a p o l a t i o n  were then  used t o  develop two scenar ios .  
Scenar io  1 r ep resen t s  t h e  minimum p r o j e c t e d  energy requi rement ,  which would 
occur  i f  Denver i s  a l l owed  t o  u t i l i z e  g r a v i t y  f low i n  i t s  two a d d i t i o n a l  t r a n s -  
mounta in  d i v e r s i o n  p r o j e c t s ,  as i n  i t s  o r i g i n a l  p l a n s .  I n  t h i s  case, t h e  es- 
t i m a t e d  f u t u r e  energy requ i rements  p e r  u n i t  o f  wa te r  s u p p l i e d  would be t h e  
p r o j e c t i o n s  ob ta ined  f rom t h e  l i n e a r  e x t r a p o l a t i o n  o f  t h e  p r e s e n t  sys tem's  
energy r e q u i  rements . 
Scenar io  2  r e p r e s e n t s  t h e  maximum p r o j e c t e d  energy requ i rement ,  which 
would occur  i f  Denver i s  r e q u i r e d  t o  use pumping i n  i t s  proposed d i v e r s i o n  
p r o j e c t s .  The amount o f  a d d i t i o n a l  energy r e q u i r e d  f o r  pumping i s  es t ima ted  
t o  be 231 m i l  1  i o n  kwh, i .e., t h e  energy requ i rement  t o  add 170,000 a c r e  f t  t o  
t h e  system. Conversion t o  m e t r i c  u n i t s  g i v e s  2.5664 x l o 9  MJ t o  pump 
5.5395 x  1010 g a l  o r  49,329 MJ/mi l  g a l .  (The energy requ i rement  pe r  u n i t  of - 
wa te r  s u p p l i e d  f o r  t h i s  p o r t i o n  o f  t h e  system i s  o n l y  a  rough e s t i m a t e  based 
on a v a i l a b l e  da ta  and should  be cons ide red  an upper l i m i t .  I t  i s  n o t  known 
e x a c t l y  how much o f  t h e  170,000 a c r e  f t  o f  water  added t o  t h e  system w i l l  
a c t u a l l y  be consumed each y e a r  o r  t h e  t i m e  p e r i o d  over  which t h e  170,000 a c r e  ft 
o f  water  w i l l  be added t o  t h e  system.) 
The p r o j e c t e d  energy requ i rement  per  u n i t  o f  water  s u p p l i e d  f o r  Scenar io  
2  was c a l c u l a t e d  by employing a  weighted a v e r a g e o f t h e  es t ima ted  f u t u r e  energy 
requ i rement  o f  t h e  p r e s e n t  system and t h e  es t ima ted  energy r e q u i r e d  f o r  t h e  
p o r t i o n  o f  t h e  system r e q u i r i n g  a d d i t i o n a l  pumping. The p r o j e c t i o n s  f o r  
Scenar ios  1  and 2  a r e  presented i n  Table  19 and i l l u s t r a t e d  i n  F i g u r e  7. (The 
energy requ i rement  i s  t h e  same f o r  Scenar ios  1  and 2 u n t i l  1990, when t h e  ca- 
p a c i t y  o f  t h e  p r e s e n t  system w i l l  be reached. A f t e r  1990, t h e  energy r e q u i r e -  
ment f o r  Scenar io  2 w i l l  be h i g h e r  than Scenar io  1  t o  account  f o r  t h e  a d d i t i o n -  
a l  energy r e q u i r e d  t o  purllp wa te r .  ) 
Tab le  19 
P r o j e c t e d  Pr imary  Energy Requirement per  U n i t  o f  Water Suppl i e d  
f o r  Scenar ios  1  and 2 f o r  t h e  Denver Water Supply System 
P r o j e c t e d  Energy Requi relnent p e r  U n i t  o f  Water Suppl i ed 
Year Presen t  System Scenar io  1  Scenar io  2 
(MJ/mi l  g a l )  (MJImi l  g a l  ) (MJImi l  g a l )  
Year 
H i s t o r i c  Energy Requirement 
------ Pro jec ted  Energy Requi rement--Scenario 1 
- - . . . . . . . . Pro jec ted  Energy Requirement--Scenari o 2 
Figure 7. Historic and projected primary energy requirement per uni t  
of water supplied fo r  the Denver water supply system. 
The f u t u r e  t o t a l  annual energy consumption was c a l c u l a t e d  by m u l t i p l y i n g  
t h e  p r o j e c t e d  average d a i l y  demand o f  water  t imes 365 days t imes t h e  p r o j e c t e d  
energy requ i rement  pe r  u n i t  o f  water  s u p p l i e d  f o r  Scenar ios 1  and 2. These 
r e s u l t s  a re  t a b u l a t e d  i n  Table  20 and i l l u s t r a t e d  i n  F i g u r e  8. 
Year 
Table  20 
P ro j ec ted  T o t a l  Annual Pr imary Energy Consumption 
f o r  Scenar ios 1  and 2  f o r  t h e  Denver Water Supply System 
P ro jec ted  T o t a l  Annual Energy Consumpti on 
Scenar io  1  Scenar io  2  
(MJ/year x  1  0 8 )  (MJ/year x  1  0 8 )  
Comparison between t h e  years  1975 and 2000 f o r  bo th  Scenar ios 1  and 2 i n -  
d i c a t e s  t h e r e  w i l l  be a  v e r y  s i g n i f i c a n t  i nc rease  i n  b o t h  t h e  energy r e q u i r e d  
per  u n i t  o f  water  supp l i ed  and t h e  t o t a l  annual energy consumption. For 
Scenar io  1, t h e  percen t  inc rease  between 1975 and 2000 f o r  t h e  energy r e q u i r e -  
ment i s  47.7 percent ,  and f o r  t h e  t o t a l  amount o f  energy consumed a n n u a l l y  t h e  
i nc rease  i s  165.6 percen t .  For Scenar io  2, t he  i nc rease  i s  174.9 pe rcen t  f o r  
t h e  energy requ i rement  and 394.4 pe rcen t  f o r  t h e  t o t a l  annual amount o f  ener-  
gy consumed. Combining t he  two scenar ios  g i ves  a  range o f  47.7 t o  174.9 per-  
c e n t  i nc rease  f o r  t h e  energy requ i rement  and a  165.6 t o  394.4 pe rcen t  inc rease  
f o r  t h e  t o t a l  annual energy consumption. 
I t  should  be emphasized t h a t  these pe rcen t  inc reases  a r e  o n l y  rough es- 
t ima tes  based on a v a i l a b l e  da ta  and a r e  presented as upper l i m i t s  f o r  bo th  
scenar ios .  I n  Scenar io  1, f o r  example, t h e  p r o j e c t i o n s  f o r  t he  energy r e -  
q u i r e d  per  u n i t  o f  water  supp l i ed  f o r  t h e  p resen t  system were based on t h e  
assumption t h a t  t h i s  energy requ i rement  w i l l  con t i nue  t o  i nc rease  a t  t h e  same 
r a t e  as i n  t he  pas t .  A l though a l l  i n d i c a t i o n s  a r e  t h a t  t h i s  energy r e q u i r e -  
ment w i l l  con t i nue  t o  r i s e ,  i t  may n o t  i nc rease  as r a p i d l y  as i n  t h e  p a s t  and 
may a c t u a l l y  l e v e l  o f f  b e f o r e  t he  year  2000. The i nc rease  i n  t h i s  energy 
requ i rement  wi  11% a l s o  be a f f e c t e d  by t h e  f a c t  t h a t  t h e  proposed t r ea tmen t  
Year 
Historic Energy Consumption 
----- Projected Energy Consumption--Scenario 1 
. . . . - .. . . . . . . . . . . Projected Energy Consumption--Scenario 2 
Figure 8. Historic and projected to ta l  annual primary energy 
consumption of the Denver water supply system. 
f ac i  1 i ty w i  11 produce i t s  own power on s i t e  t o  operate i t s  t reatment  ser ies .  
I n  Scenario 2, t he  very  l a r g e  increase i n  bo th  the  energy requirement and 
t o t a l  annual energy consumption i s  a l s o  presented as an upper bound. The 
l a r g e  increase i n  energy consumption due t o  t h e  requ i red  pumping fo r  the  two 
new d i v e r s i o n  p r o j e c t s  w i l l  most 1 i k e l y  be d i s t r i b u t e d  over rrlore than the  ten  
years between 1990 and 2000. 
One observat ion t h a t  can be drawn from t h i s  p r e l i m i n a r y  study o f  the  
Denver water supply system i s  t h a t  t he  d i f f e r e n c e  i n  energy consurr~ption i f  
Denver i s  requ i red  t o  pump i n  i t s  new d i v e r s i o n  p r o j e c t s  w i l l  be q u i t e  s i g n i f -  
i c a n t .  The s i t u a t i o n  should be c a r e f u l l y  analyzed so t h a t  a s o l u t i o n  can be 
reached t h a t  would bes t  balance the  energy and environmental concerns involved.  
A1 though these energy consumption p r o j e c t i o n s  may be high, t he  f a c t  r e -  
mains t h a t  Denver w i l l  need t o  contend w i t h  a r a p i d l y  growing popu la t ion  and 
accorr~panying r i s e  i n  water demand a t  t h e  same t ime the  energy requ i red  t o  sup- 
p l y  a u n i t  o f  water w i l l  be increasing.  O f  t he  c i t i e s  examined i n  t h i s  study, 
Denver faces t h e  most c r i  ti c ia1  water-energy s i t u a t i o n .  
San Antonio 
One hundred percent  o f  San Antonio 's  water supply i s  from groundwater, 
making i t  one o f  t he  l a r g e s t  c i t i e s  i n  the  country  t o  depend e n t i r e l y  on 
groundwater as the  source o f  water. The source o f  San Anton io 's  groundwater 
i s  the  Edwards Aquifer,  a l imestone format ion extending approximate ly  175 m i  
through s i x  count ies.  San Antonio i s  one o f  many users i n  the  area drawing 
from t h i s  aqu i fe r .  
The water l e v e l  o f  San Anton io 's  we1 1s exceeds 620 f t  below the  surface, 
b u t  t he  water t h a t  i s  pumped ou t  i s  under a r t e s i a n  pressure, which helps t o  
reduce the  amount o f  energy requ i red  t o  pump i t  t o  the  sur face.  The water i s  
o f  adequate qua1 i t y  so t h a t  i t  o n l y  requ i res  c h l o r i n a t i o n .  Thus, a t  present,  
the  c i t y  does n o t  ma in ta in  any water t reatment  f a c i l i t i e s .  The energy needed 
t o  supply water i s  the  energy consumed i n  we1 1 pumping and i n  the  d i s t r i b u t i o n  
o f  the water through the  c i t y .  
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Tab le  21 
H i s t o r i c  Water Demand and Pr imary Energy Requirements 
f o r  t h e  San An ton io  Va te r  Supply System 
Average Amount o f  T o t a l  Energy Energy Requirement per  
Year Water Suppl i e d  Consu~npti cn U n i t  o f  Water Supp l ied  
( W d  (MJ/day x  l o 6 )  (rIJ/rni 1  ga l  ) 
I n  regard  t o  t h e  f u t u r e  supplementat ion o f  t h e  c i t y ' s  p resen t  wa te r  source, 
t h e  c i t y  wa te r  board has made e s t i ~ r ~ a t e s  as t o  t h e  amount o f  a d d i t i o n a l  energy 
t h a t  w i l l  be needed t o  t r a n s p o r t ,  t r e a t ,  and d i s t r i b u t e  t h e  r e s e r v o i r  water .  
These es t imates  a r e  presented i n  Table  22. 
To c a l c u l a t e  t h e  f u t u r e  energy requ i rement  per  u n i t  o f  water  supp l ied ,  
i t  was assumed t h a t  San An ton io  would avo id  m in i ng  t h e  Edwards A q u i f e r  by i n -  
c reas ing  i t s  supp ly  w i t h  t h e  proposed r e s e r v o i r  system. I t  was a l s o  assumed 
t h a t  t h e  a q u i f e r  would n o t  be mined by o t h e r  users  i n  t h e  area so t h a t  t h e  
e x i s t i n g  wa te r  l e v e l  o f  San A n t o n i o ' s  we1 1s would n o t  decrease d r a s t i c a l  l y .  
The p resen t  energy requ i rement  (energy consumed i n  pumping and d i s t r i b u t i n g )  
was e x t r a p o l a t e d  t o  determine t h e  f u t u r e  energy requ i rement  o f  a c q u i r i n g  
groundwater.  The energy r e q u i r e d  t o  t r a n s p o r t ,  t r e a t ,  and d i s t r i b u t e  t h e  add i -  
t i o n a l  r e s e r v o i r  wa te r  was then  cons idered.  A  weighted average ( m i l  g a l  x  
energy requ i rement )  was employed t o  d e t e r n i  ne t h e  f u t u r e  energy requ i rement  
pe r  u n i t  o f  wa te r  supp l i ed .  The r e s u l t s  a r e  shown i n  Table  23. The h i s t o r i c  
and p r o j e c t e d  energy requi rements  a r e  i l l u s t r a t e d  i n  F i g u r e  10. 
To o b t a i n  an es t ima te  o f  t h e  amount o f  wa te r  t h a t  w i l l  be supp l i ed  i n  
1980, 1990, and 2000, t h e  h i s t o r i c  per  c a p i t a  consumption r a t e s  f o r  San 
Table 22 
Future Primary Energy Requirements for Supplemental Surface Water Supply for the 
San Antonio Water Supply System 
Annual Amount  Energy Required Energy Required Energy Required Total Energy Required 
of Water t o  t o  Transport t o  Treat Water t o  Distribute t o  Transport, Treat, P 
a t  Treatment Additional Water and  Distribute cn Be Added from Reservoir Water 
Reservoirs t o  Treatment Pl a n t  Through City Reservoir Water 
Year Faci 1 i ty 
(mi 1 gal /Year) (MJ/mil gal ) (MJ/mil gal ) (!lJ/mil gal) (MJ/mil gal ) 
Year 
Historic Energy Requirement 
------ Projected Energy Requirement 
Figure 10. Historic and projected primary energy requirement per unit 
of water supplied for the San Antonio water supply system. 
Table 23 
P r o j e c t e d  Pr imary Energy Requirement p e r  U n i t  o f  Water Supp l ied  
f o r  t h e  San An ton io  Water Supply System 
Energy Required Energy Requi red t o  Transpor t ,  T o t a l  Enerqy Re- 
Year t o  Supply T rea t ,  and D i s t r i b u t e  q u i r e d  per  U n i t  
Groundwater Rese rvo i r  Water o f  Water Suppl ied 
(MJ/mil g a l )  (MJ/mil g a l )  (MJ/mil g a l )  
An ton io  were e x t r a p o l a t e d  u s i n g  a  1  i n e a r  r eg ress i on .  The p r o j e c t e d  p e r  c a p i t a  
consumption r a t e s  were a p p l i e d  t o  p r o j e c t e d  p o p u l a t i o n  f i g u r e s  t o  o b t a i n  t he  
f u t u r e  average wate r  demand. Table  24 shows these p r o j e c t i o n s .  Because San 
A n t o n i o ' s  p o p u l a t i o n  i s  expected t o  increase,  i t  i s  l i k e l y  t h a t  t h e  water  de- 
mand w i l l  a l s o  inc rease .  
Table  24 
Fu tu re  Water Demand o f  t h e  San An ton io  Water Supply System 
P ro jec ted  per  Cap i ta  P r o j e c t e d  P ro j ec ted  
Year Consu~npt ion Popu la t i on  Water Demand 
( g a l  /person/day) (mgd 
The t o t a l  annual amount o f  energy t o  be consumed by San A n t o n i o ' s  water  
system i n  t h e  f u t u r e  was c a l c u l a t e d  by m u l t i p l y i n g t h e  es t imated  f u t u r e  energy 
requ i rement  by t h e  es t imated  wate r  demand. These r e s u l t s  a r e  shown i n  Tab le  
25 and i l l u s t r a t e d  i n  F i g u r e  11. The f l u c t u a t i o n  between t h e  years  1990 and 
2000 can be a t t r i b u t e d  t o  two f a c t o r s .  The ma jo r  reason f o r  t h e  d e c l i n e  i n  
t h e  energy requ i rement  per  u n i t  o f  water  supp l i ed  i s  t h e  a d d i t i o n  o f  t h e  
Canyon Rese rvo i r  t o  t h e  system. The wate r  ob ta ined  f rom t h i s  r e s e r v o i r  w i l l  
be t r a n s p o r t e d  by g r a v i t y  t o  t he  new t r ea tmen t  f a c i l i t y .  Much more water  w i l l  
be added t o  t he  system i n  2000 f rom t h e  Canyon Rese rvo i r  than  f rom t h e  
Year 
Historic Energy Consumption 
------- Projected Energy Consumption 
F i g u r e  11. H i s t o r i c  and p r o j e c t e d  t o t a l  annual  p r i m a r y  energy 
consumption f o r  t h e  San A n t o n i o  wa te r  supp ly  system. 
App lewh i te  Reservo i r  (13,164 m i l  g a l l y e a r  vs 4,888 m i l  g a l l y e a r ) ,  which would 
e x p l a i n  t h e  d e c l i n e  i n  MJ/mil ga l .  The f l u c t u a t i o n  i n  t h e  energy requi rement  
between 1990 and 2000 can a1 so be accounted f o r  by an i nc rease  i n  e f f i c i e n c y  
a t  t he  water  t rea tment  f a c i l i t y .  More wate r  would be t r e a t e d  i n  2000, which 
would tend t o  decrease t h e  energy requ i rement  per  u n i t  o f  water  supp l ied .  
Table  25 
P ro j ec ted  Pr imary Energy Requi rements 
o f  t h e  San An ton io  Water Supply System 
P ro jec ted  Water P ro j ec ted  Energy Requirement P ro j ec ted  To ta l  Annual 
Year Demand per  U n i t  o f  Water Supp l ied  Energy Consumption 
(mgd (MJ/mil ga l  ) (MJIyear x  10') 
Comparison o f  t he  years  1975 and 2000 i n d i c a t e s  a  9 percen t  i nc rease  i n  
t h e  energy requ i rement  per  u n i t  o f  wa te r  supp l i ed  and a  127 pe rcen t  i nc rease  
i n  t h e  t o t a l  annual amount o f  energy consumed. The l a r g e  i nc rease  i n  t h e  
amount o f  energy consu~ned i s  a t t r i b u t a b l e  t o  t h e  expected i nc rease  i n  popula- 
t i o n  and accompanying water  demand. P r o j e c t i o n s  i n d i c a t e  t h a t  t h e  p o p u l a t i o n  
o f  San An ton io  i s  expected t o  a lmost  double  between t h e  years  1975 and 2000. 
Los Angeles 
Los Angeles draws i t s  wa te r  f rom bo th  su r f ace -  and groundwater sources. 
The ma jo r  p o r t i o n  o f  t he  c i t y ' s  wa te r  supp ly  (approx imate ly  80 pe rcen t )  i s  
t r a n s p o r t e d  by aqueduct f rom t h e  Owens V a l l e y  Watershed, l o c a t e d  on t h e  eas te rn  
s lopes o f  t h e  S i e r r a  Nevada, n o r t h e a s t  o f  Los Angeles. Groundwater comprises 
14 pe rcen t  o f  t h e  t o t a l  water  supp ly  and i s  pumped f rom t h e  groundwater bas in  
i n  t h e  San Fernando V a l l e y .  The rema in ing  6  percen t  i s  purchased f rom t h e  
M e t r o p o l i t a n  Water D i s t r i c t  o f  Southern C a l i f o r n i a .  Th i s  water  i s  ob ta ined  
f rom Nor thern  C a l i f o r n i a  through t h e  C a l i f o r n i a  Aqueduct and f rom t h e  Colorado 
R i v e r  through t h e  Colorado R i ve r  Aqueduct. 
Los Angeles i s  l o c a t e d  i n  an area cha rac te r i zed  by sem ia r i d  c o n d i t i o n s .  
S ince t h i s  r e g i o n  no rma l l y  r ece i ves  v e r y  l i t t l e  r a i n f a l l  each year ,  supp l y i ng  
water  t o  suppor t  a  growing p o p u l a t i o n  has been a  s e r i o u s  problem i n  t h e  p a s t  
and con t inues  t o  be a  ma jo r  concern today.  A t  t h e  t u r n  o f  t h i s  cen tu ry ,  a f t e r  
Los Angeles exper ienced a  s e r i e s  o f  d r y  yea rs  and r a p i d  p o p u l a t i o n  growth, 
t h e  c i t y  was f o r ced  t o  develop o t h e r  sources o f  water .  I t  was a t  t h i s  t ime  
t h a t  t he  f i r s t  phase o f  t h e  Owens Val 1 ey Aqueduct was proposed and cons t ruc ted .  
The me1 t i n g  snow and f r e q u e n t  r a i n f a l l  i n  t h e  mountain range n o r t h e a s t  of Los 
Angeles p r o v i d e  a  r e l a t i v e l y  abundant source of water .  To t r a n s p o r t  t h i s  
wa te r  i n t o  Los Angeles, a  233-mi aqueduct was completed i n  1913. I n  1940, 
t h i s  aqueduct was lengthened t o  338 m i .  I n  a d d i t i o n ,  a  second aqueduct was 
completed i n  1970. 
As p r e v i o u s l y  mentioned, Los Angeles a l s o  o b t a i n s  wa te r  f rom the  Met ropo l -  
i t a n  Water D i s t r i c t  o f  Southern C a l i f o r n i a ,  which was e s t a b l i s h e d  i n  1928 and 
i s  comprised o f  a  number o f  c i t i e s  i n  t h i s  r eg ion .  The agency was formed i n  
o r d e r  t o  c o n s o l i d a t e  e f f o r t s  t o  impo r t  more water  i n t o  t h e  coas ta l  p l a i n s  of 
sou thern  C a l i f o r n i a .  I n  1941, t he  d i s t r i c t  cons t ruc ted  t h e  Colorado R i v e r  
Aqueduct, and i n  1973 i t  completed t he  C a l i f o r n i a  Aqueduct o r  S t a t e  Water 
P r o j e c t ,  another  i m p o r t a t i o n  p r o j e c t .  (These two aqueducts a r e  i l l u s t r a t e d  
i n  F i g u r e  12 . )  
Los Angeles c u r r e n t l y  has t h e  r i g h t  t o  purchase 32 pe rcen t  of t h e  d i s -  - 
t r i c t ' s  wa te r ,  a l t hough  t h i s  r i g h t  can be l i m i t e d  i n  t imes o f  d rough t  (as i n  
t h e  p a s t  two y e a r s ) .  A  spokesman f o r  t h e  wa te r  department i n d i c a t e d  t h a t  
Los Angeles expects  t o  o b t a i n  more o f  i t s  water  supp ly  f rom t h e  M e t r o p o l i t a n  
Water D i s t r i c t  i n  t h e  f u t u r e .  Th i s  a d d i t i o n a l  water  w i l l  be drawn from t h e  
Cal i f o r n i a  Aqueduct Sys tem. The c i t y ' s  p resen t  w i  thdrawal  s  f rom t h e  Owens 
Val l e y ,  t h e  San Fernando Val l e y ,  and the  Colorado R i v e r  a r e  c l o s e  t o  reach ing  
l e g a l  l i m i t s .  (These l i m i t s  a r e  presented i n  Tab le  26.)  
The Los Angeles water  supp ly  system i s  un ique i n  t h a t  i t  produces much 
more energy than  i s  r e q u i r e d  t o  opera te  i t .  Energy i s  produced by t h e  Owens 
V a l l e y  Aqueduct System. As water  i s  b rough t  down f rom t h e  h i g h e r  e l e v a t i o n s  
by g r a v i t y  f l o w ,  h y d r o e l e c t r i c  power i s  generated a t  a  number o f  power p l a n t s  
l o c a t e d  a long  t he  water  r o u t e .  Th i s  gene ra t i ng  system i s  a b l e  t o  produce 
2400 kwh/acre f t  o f  wa te r  d e l i v e r e d ,  o r  81,828.8 FIJ/mil g a l .  The energy p ro -  
duced we1 1  exceeds t h e  energy r e q u i r e d  t o  opera te  t h e  water  supp l y  system so 
Provided through t h e  courtesy o f  t h e  Los Angeles Department o f  Water and Power. 
F i g u r e  12. Los Angeles wa te r  supp ly  system. 
Tab le  26 
Water Supply Sources and Withdrawal L i m i t s  
o f  t h e  Los Angeles Water Supply System 
Source o f  Supply Legal  l y  Imposed M i  thdrawal  L i m i t s  
(mi 1  g a l  / y e a r )  
Groundwater f rom San Fernando V a l l e y  33,237 
Owens V a l l e y  Watershed 157,133 
Colorado R i v e r  8,249 
T o t a l  198,619 
t h a t  much of  t h e  power generated i s  s o l d  t o  t h e  r e s i d e n t s  o f  Los Angeles and 
t o  o t h e r  u t i l i t i e s .  I n  1975, f o r  example, a p p r o x i m a t e l y  147,799.5 m i l  g a l  of 
w a t e r  were s u p p l i e d  f rom t h e  Owens V a l l e y  Watershed. T h i s  amount t imes  t h e  
energy produced per  u n i t  o f  wa te r  suppl  i e d  (81,828.8 PIJ/mi 1  g a l  ) g i v e s  a  t o t a l  
o f  1.209 x  10'' MJ generated.  O f  t h i s  t o t a l ,  o n l y  1.03 x  10' MJ were consumed 
by t h e  wa te r  supp ly  system. 
Wh i le  t h e  Owens V a l l e y  Aqueduct Systern produces energy,  o t h e r  p o r t i o n s  of 
t h e  LOS Angeles wa te r  s u p p l y  system consume energy.  Energy i s  r e q u i r e d  t o  pump 
groundwater i n  t h e  San Fernando Val1 ey and t o  i m p o r t  wa te r  th rough  t h e  Cal i f o r 7  
n i a  and Colorado R i v e r  Aqueducts. The C a l i f o r n i a  Aqueduct i s  t h e  most energy 
i n t e n s i v e  p a r t  o f  t h e  wa te r  supp ly  system. To purrlp wa te r  o v e r  t h e  mountains i n  
t h e  n o r t h  i n t o  t h e  c o a s t a l  p l a i n s o f s o u t h e r n  C a l i f o r n i a ,  a  l a r g e  amount o f  
energy i s  r e q u i r e d .  A l though  t h e r e  a r e  some power r e c o v e r y  p l a n t s  l o c a t e d  
a l o n g  i t s  r o u t e ,  t h e  power they  genera te  c o n s t i t u t e s  o n l y  a  smal l  p o r t i o n  of 
t h e  t o t a l  energy r e q u i r e d  t o  i m p o r t  t h e  wa te r .  The energy r e q u i r e d  t o  supp ly  
a  u n i t  o f  wa te r  i s  3200 kw/acre f t  o f  water ,  o r  109,105 MJ/mi l  g a l .  The energy 
r e q u i r e d  t o  o b t a i n  w a t e r  v i a  t h e  Colorado R i v e r  Aqueduct i s  a l s o  s i g n i f i c a n t .  
The energy r e q u i r e d  t o  supp ly  a  u n i t  o f  wa te r  f rom t h i s  system i s  1900 kw lac re  
ft o f  water ,  o r  64,781 MJ/mi l  g a l .  
The p r e s e n t  amount o f  energy r e q u i r e d  per  u n i t  o f  wa te r  s u p p l i e d  i n  Los 
Angeles i s  r e l a t i v e l y  l o w  because most o f  t h e  c i t y ' s  wa te r  i s  s u p p l i e d  f rom 
t h e  energy-produc ing p a r t  o f  t h e  system r a t h e r  than  f r o m  t h e  energy-consuming 
p o r t i o n .  Two o t h e r  f a c t o r s  a l s o  c o n t r i b u t e  t o  t h e  low energy requ i rement .  
G r a v i t y  f l o w  i s  r r~ax imized t o  reduce  d i s t r i b u t i o n  pumping t h r o u g h  t h e  c i t y .  
A l s o ,  t h e  w a t e r  o b t a i n e d  from t h e  Owens V a l l e y  Watershed i s  o f  adequate  q u a l i t y ,  
so  o n l y  c h l o r i n a t i o n  i s  r e q u i r e d .  
The energy  r e q u i r e d ,  however, t o  s u p p l y  a u n i t  o f  w a t e r  i n  Los Angeles 
i s  expec ted  t o  i n c r e a s e  i n  t h e  f u t u r e .  Los Ange les  i s  p l a n n i n g  t o  b u i l d  a 
w a t e r  f i l t r a t i o n  p l a n t  by  t h e  mid-1980s t o  t r e a t  w a t e r  s u p p l i e d  f r o m  t h e  Owens 
V a l l e y  Watershed. The w a t e r  f i l t r a t i o n  p l a n t  i s  b e i n g  c o n s t r u c t e d  f o r  t h e  
p r i m a r y  purpose of remov ing suspended s o l  i d s .  The energy  r e q u i r e m e n t  w i  11 a l s o  
i n c r e a s e  as Los Angeles i s  compel led  t o  o b t a i n  more o f  i t s  w a t e r  f r o m  t h e  
C a l i f o r n i a  Aqueduct, an e n e r g y - i n t e n s i v e  system. 
The Los Angeles Department o f  Water and Power p r o v i d e d  us w i t h  w a t e r  con- 
sumpt ion  and energy  consumpt ion  d a t a  f o r  t h e  y e a r s  1966 t h r o u g h  1977. E s t i -  
mates o f  t h e  amount o f  energy  t h a t  w i l l  be r e q u i r e d  t o  s u p p l y  a u n i t  o f  w a t e r  
i n  t h e  f u t u r e  were based on t h i s  d a t a  and on t h e  knowledge t h a t  Los Ange les  
p l a n s  t o  c o n s t r u c t  a w a t e r  t r e a t m e n t  f a c i l i t y  by  t h e  mid-1980s as  w e l l  as o b t a i n  
more o f  i t s  w a t e r  f r o m  t h e  energy-consuming p o r t i o n  o f  i t s  system. Data  f o r  t h e  
ex t reme d r o u g h t  y e a r s  o f  1976 and 1977 were n o t  i n c l u d e d  i n  r r~ak ing t h e s e  p r o -  
j e c t i o n s .  I f  t h e  y e a r s  1976 and 1977 (one o f  t h e  d r i e s t  p e r i o d s  i n  C a l i f o r n i a  
h i s t o r y )  a r e  t o  be cons ide red ,  one would  a1 so need t o  i n c l u d e  d a t a  f o r  t h e  y e a r  
1978, wh ich  i s  shap ing  up t o  be one o f  C a l i f o r n i a ' s  w e t t e s t  y e a r s .  G iven t h e  
purpose o f  t h i s  s tudy ,  i t  was dec ided  t h a t  i t  would b? b e s t  t o  e x c l u d e  t h e s e  
ex t reme y e a r s .  
The h i s t o r i c  w a t e r  demand f o r  t h e  c i t y  o f  Los Ange les  i s  p r e s e n t e d  i n  Tab le  
27. To p r o j e c t  t h e  f u t u r e  wa te r  demand, t h e  p e r  c a p i t a  consumpt ion  r a t e  f o r  
f u t u r e  y e a r s  was e s t i m a t e d  t o  be t h e  same as  i n  t h e  y e a r  1975. T h i s  e s t i m a t e  
i s  based on a p r o j e c t i o n  made by  t h e  Los Angeles Department o f  Water and Power 
t h a t  t h e  p e r  c a p i t a  consumpt ion  r a t e  w i l l  r ema in  a t  t h i s  l e v e l  u n t i l  t h e  y e a r  
2000. The 1975 f i g u r e  (182 g a l l p e r s o n l d a y )  was mu1 t i p l i e d  by  t h e  p o p u l a t i o n  
p r o j e c t i o n s  g i v e n  i n  T a b l e  28 t o  d e t e r m i n e  t h e  f u t u r e  w a t e r  demand. The r e s u l t s  
o f  t h e s e  c a l c u l a t i o n s  a r e  p resen ted  i n  T a b l e  29. A l t h o u g h  t h e  p e r  c a p i t a  con- 
sumpt ion  r a t e  i s  expec ted  t o  rema in  s t a b l e ,  t h e  w a t e r  demand w i l l  i n c r e a s e  be- 
cause o f  a r i s e  i n  p o p u l a t i o n .  
Table 27 
H i s t o r i c  Water Demand o f  t h e  
Los Angeles Water Supply Systern 
Average Amount o f  Average per  Cap i ta  
Year Water Supp l ied  Popu la t i on  Served Consu~npti on 
(mgd) ( ga l  /person-day) 
*This f i g u r e  was es t imated  t o  be t h e  p e r  c a p i t a  consumption r a t e  t o  t h e  
yea r  2000. 
Table 28 
P r o j e c t e d  Popu la t i on  t o  Be Served by t h e  
Los Angeles Water Supply System 
Year P r o j e c t e d  Popu la t i on  t o  Be Served 
Tab le  29 
P r o j e c t e d  Water Demand o f  t h e  
Los Angeles Water Supply  System 
P r o j e c t e d  p e r  C a p i t a  P r o j e c t e d  P o p u l a t i o n  P r o j e c t e d  
Year Consumption t o  Be Served Water Demand 
( g a l  /person-day ) (mgd 
The h i s t o r i c  energy consumpt ion f o r  Los A n g e l e s ' s  w a t e r  s u p p l y  system i s  
p resen ted  i n  Tab le  30. The energy d a t a  l i s t e d  i n  t h i s  t a b l e  a r e  i n  te rms of 
p r i m a r y  energy requ i rements .  I n  1975, f o r  example, t h e  Los Angeles w a t e r  
supp ly  system consumed 92,484,293 kwh o f  e l e c t r i c i t y ,  wh ich  g i v e s  a p r i m a r y  
energy requ i rement  o f  5,562 MJ/mi l  g a l .  The d i r e c t  energy requ i rement ,  however, 
i s  o r ~ l y  1,802 MJ/mi l  g a l ,  wh ich i s  a p p r o x i m a t e l y  68 p e r c e n t  l ower  than  t h e  p r i -  
mary energy c a l c u l a t i o n .  
Tab le  30 
H i s t o r i c  P r imary  Energy Requirement pe r  U n i t  o f  Water S u p p l i e d  
f o r  t h e  Los Angeles Water Supply  System 
Amount o f  Energy Amount o f  Water Energy Requ i red  p e r  
Year Consumed Suppl i e d  U n i t  o f  Water S u p p l i e d  
(MJlday x l o 6 )  (mgd (MJ/mi l  g a l  ) 
Exc lud ing  t h e  extreme y e a r s  o f  1976 and 1977, when Los Angeles was fo rced  
t o  o b t a i n  a  h i g h e r  percentage of  i t s  w a t e r  supp ly  from t h e  S t a t e  Water P r o j e c t  
( C a l i f o r n i a  Aqueduct), t h e  d a t a  i n  Tab le  30 do n o t  demonstrate a  d e c i s i v e  up- 
ward o r  downward t r e n d  i n  t h e  energy requ i rement .  There fo re ,  t o  p r o j e c t  t h e  
energy requ i rement  i n  f u t u r e  years ,  t h e  f i g u r e  f o r  1975 (5,562 MJ/mi l  g a l  ) was 
e s t i m a t e d  t o  be t h e  energy requ i rement  of  t h e  p r e s e n t  system. The p r o j e c t e d  
amount o f  energy t h a t  w i l l  be r e q u i r e d  t o  t r e a t  a  u n i t  o f  w a t e r  a t  t h e  proposed 
t r e a t m e n t  f a c i l i t y  and t h e  a d d i t i o n a l  energy t h a t  w i l l  be r e q u i r e d  because of  
a  g r e a t e r  r e l i a n c e  on t h e  S t a t e  Water P r o j e c t  were added t o  t h i s  base energy 
requ i rement .  
The proposed t r e a t m e n t  p l a n t  w i l l  be c o n s t r u c t e d  by t h e  mid-1980s and 
w i l l  t r e a t  t h e  Owens V s l l e y  water ,  o r  a p p r o x i m a t e l y  80 p e r c e n t  o f  t h e  t o t a l  
wa te r  supp ly .  The t r e a t m e n t  f a c i l i t y  w i l l  employ a  s e r i e s  o f  c o a g u l a t i o n ,  
deep-bed media f i l t r a t i o n ,  and ozona t ion .  The Los Angeles Department o f  Water 
and Power has n o t  made a  p r o j e c t i o n  as t o  how much energy w i l l  be r e q u i r e d  t o  
t r e a t  a  u n i t  o f  wa te r .  S ince these d a t a  a r e  m iss ing ,  an e s t i m a t e  was made 
based on p r o j e c t i o n s  f o r  t h e  proposed San A n t o n i o  t r e a t m e n t  f a c i  1  i ty, which 
w i l l  r e q u i r e  1,199 MJ/mi l  g a l .  The energy requ i rement  f o r  t h e  proposed Los 
Angeles f a c i l i t y  i s  es t ima ted  t o  be t h e  same. 
To determine how t h e  energy requirerr lent  pe r  u n i t  o f  wa te r  s u p p l i e d  w i l l  
be a f fec ted  by a  g r e a t e r  r e l i a n c e  on t h e  S t a t e  Water P r o j e c t ,  t h e  maximum 
amount of  wa te r  wh ich  Los Angeles can l e g a l l y  w i thd raw f rom i t s  o t h e r  t h r e e  
sources ( g i v e n  i n  Tab le  26) was compared t o  t h e  p r o j e c t e d  wa te r  demand f o r  t h e  
years  1980, 1990, and 2000. T h i s  cornparison i n d i c a t e s  t h a t  between t h e  y e a r s  
1990 and 2000 Los Angeles w i l l  come t o  depend more h e a v i l y  on t h e  S t a t e  Water 
P r o j e c t .  The d i f f e r e n c e  between t h e  p r o j e c t e d  water  demand f o r  t h e  y e a r  2000 
and t h e  t o t a l  amount o f  wa te r  t o  which Los Angeles i s  l i m i t e d  f rom i t s  o t h e r  
t h r e e  sources i s  11.8 mgd. T h i s  f i g u r e  i s  assumed t o  be t h e  approxirr late amount 
o f  wa te r  t h a t  w i l l  be drawn by t h e  c i t y  from t h e  S t a t e  Water P r o j e c t  i n  t h e  
y e a r  2000. The 11.8 mgd was then  m u l t i p l i e d  by t h e  amount o f  energy r e q u i r e d  
t o  s u p p l y  a  u n i t  o f  wa te r  (109,105 MJ/mi l  g a l )  f rom t h i s  source t o  e s t i m a t e  t h e  
a d d i t i o n a l  energy t h a t  w i  11 be needed. 
The p r o j e c t e d  energy requi rements per  u n i t  o f  water  supp l i ed  t h a t  a r e  
presented i n  Table 31 were c a l c u l a t e d  i n  t h e  f o l l o w i n g  manner. The energy 
requi rement  f o r  1980 was est imated t o  be i d e n t i c a l  t o  t h a t  o f  1975, s i nce  t he  
supp ly  system i s  n o t  expected t o  undergo any changes i n  t h e  i n t e r v e n i n g  years.  
The p r o j e c t e d  energy requi rement  f o r  1990 was determined by adding on t o  t h e  
1980 f i gu re ,  an es t imate  of  t h e  energy t h a t  w i l l  be r e q u i r e d  t o  t r e a t  a  u n i t  
of water  a t  t h e  proposed t rea tment  f a c i l i t y .  (The p l a n t  i s  planned t o  be i n  
o p e r a t i o n  by t h e  rnid-1980s. ) The energy requ i rement  f o r  t h e  yea r  2000 was c a l -  
c u l a t e d  by de te rmin ing  t h e  weighted average o f  t h e  energy requi rement  f o r  1990 
and t h e  energy requi rement  t o  supply  water  f rom t h e  S t a t e  Water P r o j e c t .  These 
p r o j e c t e d  energy requirements as w e l l  as h i s t o r i c  energy requi rements a r e  
graphed i n  F igu re  13. 
Table 31 
P ro jec ted  Pr imary Energy Required per U n i t  o f  Water Suppl ied 
f o r  t he  Los Angeles Water Supply System 
Year 
- 
Pro jec ted  Energy Requirement 
per  U n i t  o f  Water Suppl ied 
(MJ/rnil g a l )  
From these p r o j e c t e d  energy requi rements and t h e  es t imated  water  demand 
fo r  f u t u r e  years,  t he  p r o j e c t e d  t o t a l  annual energy consumption was c a l c u l a t e d .  
These c a l c u l a t i o n s  a r e  presented i n  Table 32 and i l l u s t r a t e d  i n  F i g u r e  14. 
Table 32 
P ro jec ted  To ta l  Annual Pr imary Energy Consumption 
of t h e  Los Angeles Water Supply System 
P ro jec ted  Water P ro jec ted  Energy Requirement P ro jec ted  To ta l  
Year Demand per  U n i t  o f  Water Suppl ied Annual Consumption 
(mgd) (MJ/mil g a l )  (MJ/year x  10') 
Year 
His tor ic  Energy Requirement 
----- Projected Energy Requirement 
Figure 13. Historic and projected primary energy requirements to supply 
a unit  of water for  the Los Angeles water supply system. 
Year 
His tori c Energy Consump t i  on 
----- Projected Energy Consumption 
Figure 14. H i s to r i c  and projected t o t a l  annual primary energy 
consumption f o r  the  Los Angeles water supply system. 
Comparison between t h e  years  1975 and 2000 i n d i c a t e s  t h a t  t h e  amount of  
energy r e q u i r e d  p e r  u n i t  o f  wa te r  suppl  i e d  by t h e  Los Angeles system w i  11 i n -  
c rease by 60.6 p e r c e n t  and t h a t  t h e  t o t a l  annual  energy consurr~pt ior~ w i l l  i n -  
c rease  by 75.7 percen t .  A1 though these  inc reases  a r e  s i g n i f i c a n t ,  t h e  p r o j e c t e d  
arr~ount o f  energy t h a t  w i  11 be consumed by Los Angeles I s  wa te r  supp ly  system w i l l  
s t i l l  be w e l l  under t h e  amount o f  energy t h a t  t h e  system w i l l  be a b l e  t o  p r o -  
duce. F o r  example, t h e  maximum amount o f  w a t e r  t h a t  can be l e g a l l y  w i thdrawn 
from t h e  Owens Val l e y  Watershed ( g i v e n  i n  T a b l e  26) i s  157,133 m i l  g a l l y e a r .  
T h i s  f i g u r e ,  t imes  t h e  energy produced by each u n i t  o f  wa te r  d e l i v e r e d  
(81,828.8 MJ Imi l  ga l  ), g i v e s  a  maximl~m amount o f  1.286 x  1010 MJIyear .  
From t h e  r e s u l t s  o f  t h i s  p i  l o t  s tudy ,  i t  can be conc luded t h a t  Los Angeles 
w i l l  n o t  be faced w i t h  a  water -energy problem i n  t h e  f u t u r e .  The c i t y ' s  wa te r  
supp ly  system i s  un ique  i n  t h a t  i t  w i l l  produce much more energy t h a n  w i l l  be 
r e q u i r e d  t o  opera te  i t .  
Summary 
As o r i g i n a l l y  s t a t e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  c h a p t e r ,  t h e  o b j e c t i v e  
o f  t h i s  p a r t  o f  t h e  s t u d y  was t o  de te rm ine  how much energy i s  p r e s e n t l y  r e -  
q u i r e d  t o  supp ly  wa te r  and whether o r  n o t  t h i s  energy requ i rement  w i l l  i n -  
c rease  s i g n i f i c a n t l y  by t h e  y e a r  2000. By f o c u s i n g  on t h e  energy requ i rements  ' 
o f  these  s i x  r r ~ a j o r  c i t i e s ,  we hoped t o  determine, i n  a  genera l  sense, whether 
o r  n o t  t h e  energy needed t o  supp ly  w a t e r  w i l l  c o n s t i t u t e  a  s i g n i f i c a n t  p o r t i o n  
of  ou r  t o t a l  n a t i o n a l  energy b u d t e t  i n  f u t u r e  y e a r s .  
T a b l e  33 summarizes t h e  energy p r o j e c t i o n s  f o r  t h e  s i x  c i t i e s  s t u d i e d .  
The l a s t  column o f  t h e  t a b l e  l i s t s  t h e  p r o j e c t e d  percentage changes i n  t h e  
t o t a l  annual energy consumpt ion between t h e  years  1975 and 2000. As these  
f i g u r e s  i n d i c a t e ,  t h e  amount o f  energy t h a t  w i l l  be r e q u i r e d  t o  supp ly  wa te r  
i s  a c t u a l l y  p r o j e c t e d  t o  decrease i n  two o f  t h e  c i t i e s  ( S t .  L o u i s  and New 
Or leans)  w h i l e  i t  i s  p r o j e c t e d  t o  i n c r e a s e  by d i f f e r e n t  degrees i n  t h e  o t h e r  
f o u r  c i t i e s .  
Wh i le  t h e  amount o f  energy r e q u i r e d  t o  supp ly  w a t e r  i n  New Or leans and 
St .  L o u i s  i n  t h e  f u t u r e  w i l l  no t ,  a p p a r e n t l y  be a  m a j o r  concern,  energy r e -  
qu i rements  may become a  much more i m p o r t a n t  f a c t o r  i n  t h e  o t h e r  f o u r  c i t i e s ,  
Table 33 
P ro j ec ted  Changes i n  t h e  Energy Required t o  Supply 
a  U n i t  o f  Water and T o t a l  Annual Energy Consumption 
P ro j ec ted  Change i n  t he  Energy P ro j ec ted  Change i n  t h e  T o t a l  
City Required t o  Supply a  U n i t  o f  Water Annual Energy Consumption 
(pe rcen t )  ( p e r c e n t )  
S t .  Lou i s  ---- 
New Or leans ---- 
Chicago 5.1 - 7.7 (+) 
Los Angeles 60.6 (+> 
San An ton io  9.0 (+>  
Denver 47.7 - 174.9 (+) 
( - )  denotes decrease 
(+) denotes i nc rease  
where t h e  amount o f  energy needed t o  supp ly  water  i s  expected t o  inc rease .  To 
determine t h e i r  s i g n i f i c a n c e ,  t h e  percentage inc reases  presented i n  t h e  l a s t  
column o f  Tab le  33 were compared t o  p r o j e c t e d  inc reases  i n  domest ic energy con- 
su~np t i on  f o r  t h e  n a t i o n  as a  whole. These p r o j e c t i o n s  were made by t h e  Federal  
Energy A d m i n i s t r a t i o n  (which i s  now t h e  Department o f  Energy) and a r e  based on 
two scenar ios ;  one scena r i o  i nc l udes  conse rva t i on  p r a c t i c e s  and t h e  o t h e r  does 
no t .  The two scenar ios  g i v e  a  range o f  i n c rease  i n  domest ic energy consumption 
o f  49 t o  75 pe rcen t  between t h e  years  1975 and 2000. 
Comparison o f  t h e  percentage inc reases  i n  Table  33 and t h e  p r o j e c t e d  range 
of i n c rease  i n  domest ic energy consumption g i ven  by t h e  FEA i n d i c a t e s  t h a t  
t h r e e  of  t h e  c i t i e s  i n  t h i s  s tudy  (Los Angeles, San Anton io ,  and Denver) w i l l  
have a  h i g h e r  r a t e  o f  i n c rease  i n  t h e i r  wa te r  supp ly  energy requi rements  than  
t h e  n a t i o n a l  r a t e  o f  i nc rease  o f  t o t a l  energy consumption. One c i t y  (Chicago) 
has a  lower  r a t e .  
I n  a l l  o f  t h e  f o u r  c i t i e s  i n  which t h e  amount o f  energy consumed i n  supply-  
i n g  water  i s  expected t o  increase,  i t  i s  impo r tan t  t o  p l ace  t h i s  i nc rease  i n  
t h e  c o n t e x t  o f  t h e  c i t y ' s  t o t a l  power consumption. I n  Los Angeles, f o r  example, 
where t h e  watev supply  system produces much more energy t han  i t  consumes, and 
where t h e  p r o j e c t e d  inc rease  i n  t h e  amount o f  energy needed t o  supp ly  wa te r  i s  
r e l a t i v e l y  modest compared t o  a  c i t y  1  i ke Denver, i t  would be an overs impl  ifi- 
c a t i o n  t o  conclude t h a t  t he  amount of energy needed t o  supp ly  wa te r  w i l l  n o t  
be a  concern. Los Angeles has corrle t o  r e l y  on t he  excess power produced by 
i t s  water  supp ly  system, b u t  t he  amount o f  power t h a t  can be generated i s  
l i m i t e d  by t h e  amount of water  t h a t  can be l e g a l l y  wi thdrawn f rom t h e  Owens 
V a l l e y  Watershed. Therefore,  t h e  a d d i t i o n a l  energy t h a t  w i l l  be needed t o  
opera te  t h e  water  supp ly  system i n  t h e  f u t u r e  w i l l  d i m i n i s h  t h e  amount of r e l a -  
t i v e l y  cheap power a v a i l a b l e  t o  t h e  c i t y .  Th is  s i t u a t i o n  becomes more r e l e -  
van t  i n  l i g h t  o f  t h e  expected inc reases  i n  p o p u l a t i o n  i n  Los Angeles, Denver, 
and San An ton io .  
I t  should  be po in ted  o u t  t h a t  i f  we were t o  l o o k  a t  water  supp ly  systems 
beyond the  y e a r  2000, i t  i s  1  i k e l y  t h a t  more ene rgy - i n t ens i ve  water  supp ly  
systems would be i n  o p e r a t i o n .  Th i s  p r o j e c t i o n  i s  p a r t i c u l a r l y  t r u e  i n  t h e  
a r i d  Southwest and West Coast,where d e s a l i n a t i o n ,  i n t e r b a s i n  t r a n s f e r ,  and 
water  reuse p r o j e c t s  a r e  l i k e l y  t o  become more widespread. Denver, f o r  example, 
i s  beg inn ing  t o  exper iment  w i t h  water  reuse p r o j e c t s  t o  determine t h e i r  f eas i -  
b i l i t y  as f u t u r e  sources o f  water .  Los Angeles i s  a l r e a d y  i n v o l v e d  i n  an 
i n t e r b a s i n  t r a n s f e r  p r o j e c t  a l though  t h i s  p r o j e c t  o n l y  supp l i es  a  sma l l  por -  
ti on of i t s  t o t a l  wa te r  demand. The c i  ty p lans  , however, t o  draw more of i t s  
water  from t h i s  source i n  t he  f u t u r e .  (A1 though Los Angeles does d e r i v e  some . 
of i t s  wa te r  f rom an i r ~ t e r b a s i n  t r a n s f e r  p r o j e c t ,  i t  o b t a i n s  t h e  m a j o r i t y  of 
i t s  water  supp ly  f rom i t s  own p r i v a t e  aqueduct system. Other  communit ies i n  
t h i s  area must r e l y  more h e a v i l y  on i n t e r b a s i n  t r a n s f e r  p r o j e c t s ,  so energy 
i s  a  b i gge r  f a c t o r  i n  supp l y i ng  water  i n  southern C a l i f o r n i a  than  t h e  Los 
Angel es sys ten1 i nd i ca t e s  . ) 
The r e s u l t s  i n  Table  33 do n o t  r evea l  any u n i f o r m  change i n  t h e  amount of 
energy t h a t  w i l l  be r e q u i r e d  t o  supp ly  water  i n  the  s i x  c i t i e s  s t ud ied .  Based 
on these r e s u l t s ,  t h e r e f o r e ,  i t  i s  d i f f i c u l t  t o  p r o j e c t  t h e  magnitude of change 
i n  t h e  amount of energy r e q u i r e d  t o  supp ly  wa te r  i n  t h e  n a t i o n  as a  whole.  
These r e s u l  t s  do, however, emphasize t h a t  t h e r e  w i l l  be l a r g e  r e g i o n a l  d i f f e r -  
ences i n  t he  amount o f  energy r e q u i r e d  t o  supp ly  water .  Whi le  t h e  t h r e e  c i t i e s  
i n  t h e  Midwest a r e  n o t  expected t o  exper ience  s i g n i f i c a n t  inc reases  i n  t h e i r  
energy requi rements  t o  supply  water ,  t h e  t h r e e  western c i t i e s  a re ,  which seems 
t o  suggest t h a t  t h e  amount o f  energy t h a t  w i l l  be needed t o  supp ly  water  i n  
the  f u t u r e  w i l l  be more a  r e g i o n a l  problem than a  n a t i o n a l  concern.  
The r e s u l t s  presented i n  t h i s  s t u d y  demonstrate t h a t  one o f  t h e  most i m -  
p o r t a n t  f a c t o r s  a f f e c t i n g  t h e  energy requ i rement  t o  supp ly  water  i s  t h e  s h i f t  
o f  p o p u l a t i o n .  The p r o j e c t e d  decrease i n  t h e  amount o f  energy t h a t  w i l l  be 
r e q u i r e d  t o  supp ly  water  i n  S t .  L o u i s  and New Or leans i s  d i r e c t l y  a t t r i b u t a b l e  
t o  a  d e c l  i ne i n  p o p u l a t i o n .  Denver, Los Angel es, and San Anton io ,  on t h e  
o t h e r  hand, a r e  e x p e r i e n c i n g  l a r g e  inc reases  i n  p o p u l a t i o n .  The i n c r e a s e  i n  
wa te r  demand accompanying t h i s  r i s e  i n  p o p u l a t i o n  has a l r e a d y  begun t o  p u t  a  
s t r a i n  on t h e  l i m i t e d  a v a i l a b l e  sources o f  water  i n  these c i t i e s .  As more 
energy - i  n tens  i v e  wa te r  supp ly  sys tems a r e  r e q u i  r e d  t o  suppor t  growing popul a- 
t i o n s ,  wa te r  and t h e  energy needed t o  s u p p l y  i t  may w e l l  become a  l i m i t i n g  
f a c t o r  i n  t h e  f u r t h e r  growth o f  these c i t i e s  and t h e  reg ions  t h e y  r e p r e s e n t .  
Wh i le  t h e r e  i s  an ample supp ly  o f  wa te r  i n  t h e  midwestern and e a s t e r n  
s e c t i o n s  o f  t h e  c o u n t r y ,  water  qua1 i t y  has become a  ma jo r  concern.  The energy 
p r o j e c t i o n s  i n  t h i s  s t u d y  were based on t h e  assumpt ion t h a t  d r i n k i n g  wa te r  
s tandards w i l l  remain  t h e  same. I t  i s  p o s s i b l e ,  however, t h a t  t h e y  w i l l  be 
changed. The federa l  Environmental  P r o t e c t i o n  Agency (USEPA) has r e c e n t l y  un- 
v e i l e d  p l a n s  t o  e n f o r c e  more s t r i n g e n t  wa te r  q u a l i t y  s tandards .  The t a r g e t s  of 
these  proposed s tandards a r e  t h e  cancer-caus ing t r i ha lomethanes .  These new 
r e g u l a t i o n s  would s e v e r e l y  l i m i t  t h e  amount o f  t r i ha lomethanes  a l l o w e d  i n  d r i n k -  
i n g  wa te r ,  r e q u i r i n g  many c i t i e s  t o  c o n v e r t  f rom t r a d i t i o n a l  sand f i l t r a t i o n  
systems t o  a  charcoa l  f i l t r a t i o n  method. These r e g u l a t i o n s  would a p p l y  t o  c i t i e s  
w i t h  p o p u l a t i o n s  over  75,000. I f  these new r e g u l a t i o n s  a r e  en fo rced ,  t h e  energy 
p r o j e c t i o n s  i n  t h i  s  s t u d y  would inc rease .  The proposed s tandards would p a r t i c u -  
l a r l y  a f f e c t  New Or leans and St .  Lou is ,  r e v e r s i n g  t h e  p r o j e c t e d  downward t r e n d  
i n  t h e  amount o f  energy t h a t  w i l l  be r e q u i r e d  t o  supp ly  wa te r  i n  these  two c i t i e s  
The a d d i t i o n a l  energy t h a t  would be r e q u i r e d  t o  remove t r i ha lomethanes  
would  be consumed b o t h  f o r  pumping and a l s o  as i n d i r e c t  energy i n  t h e  form of  
m a t e r i a l  i n p u t s  such as chemica ls  and f i l t e r  media. Consequent ly,  t o  f u l l y  
unders tand t h e  energy impact  o f  these new r e g u l a t i o n s ,  a  method o f  a n a l y s i s  i s  
r e q u i r e d  t h a t  accounts f o r  b o t h  p r i m a r y  and i n d i r e c t  energy i n p u t s .  The ana ly -  
s i s  o f  t h e  s i x  ma jo r  c i t i e s  presented i n  t h i s  chap te r  c o n s i d e r s  o n l y  t h e  p r i -  
mary energy i n p u t s  o f  f u e l  consumption and e l e c t r i c a l  requ i rements  o f  t h e  
sys tem . 
Process energy ana l ys i s  i s  one methodology whereby a  process employed t o  
p rov ide  a  good o r  s e r v i c e  may be d isaggregated i n t o  sequent ia l  s teps o r  stages 
and the  i n p u t s  t o  each stage examined bo th  i n  i t s  phys i ca l  dimension ( u n i t s  
such as tons, kwh, and cu f t )  and through t h e  common denominator of i t s  energy 
equ i va len t .  F i gu re  15 presents  a  process a n a l y s i s  f l o w  diagram o f  t h e  Chicago 
Water Supply System. The symbols used i n  t h i s  f l o w  diagram a r e  f i g u r e s  con- 
ven t i ona l  t o  process a n a l y s i s .  Rectangles rep resen t  process stages, and t h e  
ova l s  r ep resen t  the  q u a n t i t y  o f  bo th  i n p u t s  t o  and ou tpu t s  f rom i n d i v i d u a l  
process stages. For  example, i n F igu re  15, 2.8 grams ( g )  o f  1  ime a r e  r e q u i r e d  
a t  t he  fi 1  t r a t i o n  p l a n t  and 1  -04 m e t r i c  tons ( tonne)  o f  raw water  a r e  d i s -  
charged from t h e  low 1  i f t  pumps. The 2.8 g  o f  1  ime r e q u i r e d  per  tonne of water  
processed embody an equ i va len t  energy of 0.02 MJ. T r i a n g l e s  i n d i c a t e  t he  Pi- 
mary energy requi rements o f  t h e  preceding process stage. Diamonds rep resen t  
t he  energy embodied i n  the  s t r u c t u r e  o f  t h e  t rea tment  f a c i  1  i t y  i t s e l f  . 
Adding toge ther  the  energy requi rements i n  each t r i a n g l e  g ives t h e  t o t a l  
energy requi rement  o f  t he  process. A1 1  va lues i n  t he  t r i a n g l e s  a re  normal i z e d  
t o  a measure of  MJ/tonne of water (3782 tonne = one mi 1  ga 1  o f  water  1. 
Process a n a l y s i s  i n  i t s  most complete s t a t e  cha rac te r i zes  t h e  p r o v i s i o n  
of a  good o r  s e r v i c e  f rom t h e  a c q u i s i t i o n  o f  raw m a t e r i a l  i n p u t s  f o l l o w e d  by  
f a b r i c a t i o n  and consumption by consumers through t o  t h e  d isposa l  of t h e  spent  
' 
commodity. F i g u r e  15 thus t r aces  the  f l o w  o f  water  f r o n ~  Lake Mich igan through 
t h e  wate r  fi 1  t r a t i o n s  system t o  t he  consumer and beyond t o  i t s  t rea tment  a t  t he  
sewage t rea tment  p l a n t  and u l t i m a t e  d ischarge  i n t o  the  S a n i t a r y  and Ship Canal. 
If one m a t e r i a l  i n p u t  i s  s u b s t i t u t e d  f o r  another  o r  i f  one p roduc t i on  s tage i s  
r ep laced  w i t h  a  new technology, t h i s  k i n d  of a n a l y s i s  rr~akes p o s s i b l e  a  p r e c i s e  
examinat ion o f  t he  a1 t e r a t i o n s  i n  the  system. I n  the  case o f  t he  proposed 
water  q u a l i t y  standards, t he  added m a t e r i a l s  and increased f u e l  o r  energy r e -  
quirements can be i n d i c a t e d  a t  each phase o f  t he  t rea tment  process.  By examin- 
i n g  t he  energy and m a t e r i a l  f l ows  i n  such a  d isaggregated way, t he  p r e c i s e  
e f f e c t s  o f  these new r e g u l a t i o n s  can be understood and ways o f  o p t i m i z i n g  use 
of m a t e r i a l s  and energy resources can be devised. 
The p r o j e c t i o n s  presented i n  t h i s  p i l o t  s tudy a r e  based on a  s i m p l i s t i c  
approach t h a t  does n o t  cons ider  a l l  of the  p o s s i b l e  f a c t o r s  t h a t  i n f l u e n c e  
Notes: 
A l l  energtes i n  megajoules thermal iMJT). 
'Total  = 0.5 MJT. 
**Total = 0.7  MJT. 
Data i s  taken from References 5 and 7 .  
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water  consumption and t he  energy requi rements  t o  supp ly  wa te r .  For example, 
economic c o n s t r a i n t s  wi  11 i n f l uence  wate r  consumption. Water r i g h t s  w i l l  i n -  
f l uence  a v a i l a b l e  wa te r  supp l i es .  The type  o f  fue l  used t o  opera te  wa te r  
supp ly  systems (coa l  vs n a t u r a l  gas) w i l l  i n f l u e n c e  t h e  energy e f f i c i e n c y  of 
supp ly  wa te r .  Whi le t h e  p r o j e c t i o n s  presented i n  t h i s  s t udy  a re  based o n l y  
on obv ious t rends ,  they  do revea l  r e g i o n a l  d i f f e rences .  I t  i s  t h e  genera l  
conc lus i on  of t h i s  chap te r  t h a t  t h e  amount o f  energy t h a t  w i l l  be needed t o  
supp ly  wa te r  i n  t he  f u t u r e  w i l l  be more a  r e g i o n a l  problem than  a  n a t i o n a l  
concern.  
3 SEWAGE TREATMENT 
The method of  a n a l y s i s  used f o r  t he  energy requi rements  o f  sewage t r e a t -  
ment d i f f e r s  markedly from t h a t  used i n  Chapter 2. A l though survey forms 
were r r~a i l ed  t o  each of t h e  c i t i e s  i n c l u d e d  i n  t h e  wa te r  supp ly  s tudy,  t h e  da ta  
r e t u r n e d  were n o t  s u f f i c i e n t  t o  b u i l d  a  meaningfu l  a n a l y s i s .  Ins tead ,  da ta  
were ob ta i ned  through t h e  generous coope ra t i on  o f  t h e  f e d e r a l  Env i ronrr~enta l  
P r o t e c t i o n  Agency (USEPA), d e l i n e a t i n g  t ypes  o f  sewage p l a n t s  i n  use across 
t h e  coun t ry .  Consequently, t h i s  a n a l y s i s  i s  a  comprehensive assessment of a l l  
mun i c i pa l  t r ea tmen t  p l a n t s  i n  ope ra t i on .  I n s t e a d  o f  examining t h e  energy con- 
sumpt ion o f  s p e c i f i c  m u n i c i p a l i t i e s ,  energy requi rements  f o r  l a r g e  reg ions  of .  
t h e  c o u n t r y  a r e  po r t r ayed  and compared. Unl i ke t h e  wate r -supp ly  scenar ios  , 
t h e  energy requi rements  pe r  u n i t  o f  sewage t r e a t e d  f o r  each t r ea tmen t  system 
cons idered  a r e  f i x e d  over  t ime .  The changes observed a r e  i n  t h e  number o f  
t r ea tmen t  u n i t s  r e q u i r e d  and i n  t h e  changing m ix  o f  t r ea tmen t  t ypes  over  t ime .  
The emerging p a t t e r n s  presented a r e  i n f l u e n c e d  by p o p u l a t i o n  growth,  i nc reas -  
i n g  concern over t h e  environment,  and t h e  i n d u s t r i a l  growth a n t i c i p a t e d  be- 
tween 1977 and 1990. 
Data Source 
The da ta  presented i n  t h i s  s e c t i o n  t o  c h a r a c t e r i z e  t he  energy requi rements  
f o r  sewage t r ea tmen t  have been p rov i ded  by t h e  USEPA.2 A s t a te -by  s tage  
breakdown of  t h e  types o f  t r ea tmen t  p l a n t s  i n  use i n  1977 i s  assembled from 
t h e  1976 Needs Survey for Municipal Wastewater Treatment. F i v e  types  of 
t r ea tmen t  p l a n t s - - t r i c k 1  i n g  f i l t e r  (TF),  a c t i v a t e d  s l  udqe (AS), f i l t r a t i o n  
( f i l t . ) ,  n i t r i f i c a t i o n  ( n i t r . ) ,  and ponds--are i d e n t i f i e d  f o r  each s t a t e  of 
t h e  U n i t e d  S ta tes .  Each p l a n t  l i s t e d  i s  p laced  i n  one o f  f i v e  c a p a c i t y  ranges: 
l e s s  than  5  mgd, 5  t o  9.9 mgd, 10 t o  19.9 mgd, 20 t o  49 mgd, and g r e a t e r  than 
o r  equal  t o  50 mgd. The 1976 Needs Surveg r eco rds  bo th  p l a n t s  p r e s e n t l y  i n  
use and p roposa ls  f o r  c o n s t r u c t i o n  o f  new p l a n t s .  Based on these  p roposa ls  
f o r  new c o n s t r u c t i o n ,  a  s t a t e - b y - s t a t e  l i s t i n g  o f  t h e  types and c a p a c i t i e s  of 
p l a n t s  expected t o  be i n  use i n  t h e  yea r  1990 has a l s o  been prepared by t h e  
USEPA. Because federa l  funds necessary f o r  c o n s t r u c t i o n  o f  these proposed 
p r o j e c t s  a r e  l imL i t ed ,  c o n s t r u c t i o n  de lays  may occur ,  b u t  a t  l e a s t  98 pe rcen t  
o f  t h e  p l a n t s  i n c l u d e d  i n  t h e  1990 l i s t  a r e  a lmost  c e r t a i n  t o  be on l i n e  by 
1990. The USEPA i s  p r e s e n t l y  c o m p i l i n g  t h e  1978 Needs Survey, and da ta  fronl 
t h i s  p r o j e c t  should  be a v a i l a b l e  n e x t  year .  The 1978 da ta  w i l l  p r o v i d e  more 
accurate ,  updated i r~ fo rma t i on  a g a i n s t  which t h e  c a l c u l a t i o n s  presented i n  
t h i s  paper can be checked. I n  t h e  l i s t i n g  of p l a n t s  expected t o  be o p e r a t i n g  
i n  1990, a new t ype  o f  t r ea tmen t  p l a n t  i s  inc luded ,  advanced wastewater 
t r ea t r r~en t  (AWT). Th i s  ca tegory  was exc luded f rom t h e  1976 Needs Survey, b u t  
t h e  USEPA es t imates  t h a t  a t  l e a s t  200 o f  these p l a n t s  w i l l  be cons t ruc ted  by 
1990. ' Because no da ta  a r e  a v a i l a b l e  t o  i n d i c a t e  t h e  e x a c t  number, s i z e ,  o r  
l o c a t i o n  of these  p l a n t s ,  t h e  f o l l o w i n g  assumptions have been made. A1 1  AWTs 
i n  1990 a r e  i n c l u d e d  i n  t he  10 t o  19.9 mgd c a p a c i t y  range, and i t  i s  assumed 
t h a t  t hey  w i l l  be b u i l t  i n  densely  popu la ted  i n d u s t r i a l  areas.  Consequent ly,  
AW'rs a r e  ass igned t o  geographic r e g i o n s  i n  p r o p o r t i o n  t o  t h e  t r ea tmen t  capac- 
i t y  expected t o  e x i s t  i n  1990 i n  t h e  l a r g e s t  p l a n t s  ( g r e a t e r  than  50 mgd) . 
The areas w i t h  t h e  h i g h e s t  percentage o f  l a r g e  c a p a c i t y  p l a n t s  a r e  assumed 
a l s o  t o  have t h e  g r e a t e s t  number o f  AWTs. No AWTs a r e  i nc l uded  i n  t h e  1977 
l i s t  o f  sewage t r ea tmen t  p l a n t s .  
Types of Sewage Treatment P lan t s  
The types  o f  t r ea tmen t  p l a n t s  i d e n t i f i e d  i n  t h i s  da ta  may be used t o  
ach ieve pr imary,  secondary, t e r t i a r y ,  o r  advanced t rea tment .  The degree of 
t r ea tmen t  employed depends upon t h e  compos i t i on  o f  t h e  sewage i n f l o w  and t h e  
e f f l u e n t  q u a l i t y  des i r ed .  I n  v e r y  populous i n d u s t r i a l i z e d  areas,  f o r  example,' 
s o l i d s  i n  t h e  sewage a r e  u s u a l l y  ve r y  concent ra ted,  o f t en  c o n t a i n i n g  heavy 
meta ls  and o t h e r  e x o t i c  contaminants.  I n  a d d i t i o n ,  t h e  e f f l u e n t  must o f ten  
be of compa ra t i ve l y  h i g h  water  qua1 i t y ,  as immediate reuse  o f  wa te r  by down- 
stream users  o f t e n  occurs ,  a f f o r d i n g  l i t t l e  o p p o r t u n i t y  f o r  stream p u r i f i c a -  
t i o n .  Large urban areas t h e r e f o r e  u s u a l l y  r e q u i r e  h i g h e r  degrees o f  sewage 
t r ea tmen t  than  i s  necessary i n  r u r a l  areas, where much s i m p l e r  forms of 
p r imary  t r ea tmen t  a r e  o f t e n  adequate. 
P r imary  t r ea tmen t  i s  accornpl i shed  w i t h  t he  smal l  e s t  energy expend i t u re  
and i n v o l v e s  t h e  phys i ca l  removal o f  40 t o  60 pe rcen t  o f  t h e  suspended s o l i d s  
by sed imenta t ion .  Wi th  secondary t rea tment ,  sewage u s u a l l y  undergoes an 
i n i t i a l  p r ima ry  t r ea tmen t  s tage.  The p r ima ry  s tage  e f f l u e n t  i s  then  t r a n s -  
f e r r ed  t o  t h e  secondary t r ea tmen t  stage, i n  which an even h i g h e r  percentage 
of o rgan ic  s o l i d s  i s  removed. Biochemical  r e a c t i o n s  r a t h e r  than  p h y s i c a l  
sedimentat ion achieve improved water q u a l i t y  e i t h e r  by s t a b i l i z i n g  o rgan ic  
s o l i d s  o r  by decomposing them t o  i n o r g a n i c  s o l i d s .  O f  t he  t rea tment  s t r a t e -  
g i e s  i d e n t i f i e d  i n  t he  1976 Needs Survey, ponds a r e  t h e  o n l y  p r imary  t rea tment  
p l a n t s  inc luded .  I n  some cases, however, a l gae  and b a c t e r i a  p resen t  i n  t he  
water  o x i d i z e  t h e  o rgan ic  wastes suspended i n  t h e  sewage s o l u t i o n .  Th i s  proc-  
ess of b i o l o g i c a l  s t a b i l i z a t i o n  i s  a c t u a l l y  a  secondary t rea tment  s tage.  
Ponds then  may achieve e i t h e r  p r imary  o r  secondary t rea tment ,  depending on t he  
s p e c i f i c  s i t u a t i o n .  I n  t h e  USEPA da ta ,  p r ima ry  and secondary t r ea tmen t  ponds 
a r e  n o t  d i s t i n g u i s h e d .  The lowes t  energy requi rement  o f  a l l  t r ea tmen t  s t r a t e -  
g i es  cons idered here i s  f o r  t rea tment  w i t h  ponds, as t h e  sewage undergoes o n l y  
sed imenta t ion  f o l l owed  u s u a l l y  by c h l o r i n a t i o n  o f  e f f l u e n t .  
T r i c k 1  -i rig f i l t e r s  and a c t i v a t e d  s ludge p l a n t s  p r o v i d e  secondary t reatment ,  
and a c t i v a t e d  s ludge i s  t h e  more common o f  t h e  two t rea tment  t ypes .  Wastewater 
t r e a t e d  i n  an a c t i v a t e d  s ludge p l a n t  i s  mixed w i t h  oxygen and microorganisms 
t o  promote decomposit ion o f  t h e  c o l l o i d a l  and d i sso l ved  o rgan i c  m a t t e r  i n t o  
i n s o l  u b l  e  nonput resc i  b l e  s o l  i ds ,  carbon d iox ide ,  water,  and energy. Once 
t h e  wastewater has undergone a e r a t i o n ,  i t  i s  removed t o  a  s e t t l i n g  bas in ,  
where b i o l o g i c a l  s o l i d s  f a l l  t o  t h e  bottom, forming a  l a y e r  o f  s ludge, w h i l e  
t h e  c l a r i f i e d  e f f l u e n t  i s  d ischarged.  A  p o r t i o n  o f  t h e  bottom s ludge l a y e r ,  
r i c h  i n  microorganisms, i s  then r e i n t r o d u c e d  i n t o  t h e  a e r a t i o n  s tep  t o  acce l -  
e r a t e  b iochemica l  degrada t ion  i n  t h e  nex t  q u a n t i t y  of i n f l u e n t  t r e a t e d .  The 
s ludge n o t  r e t u r n e d  t o  t h e  a e r a t i o n  s tage  i s  t r e a t e d  and disposed o f .  
Sludge res idue ,  an i n e v i t a b l e  by-product  o f  a l l  sewage t rea tment  s t r a t e -  
g i es ,  must i t s e l f  be t r e a t e d  t o  reduce i t s  volume, remove bound water  mole- 
cu les ,  and t r ans fo rm  p u t r e s c i b l e  o rgan ic  s o l i d s  t o  more s t a b l e  o rgan i c  and 
i n o r g a n i c  s o l  i d s .  Many methods a r e  used; f o r  exarnpl e, anaerobic  d i g e s t i o n  
i s  o f t e n  used a t  a c t i v a t e d  sludge p l a n t s .  I n  t h i s  s ludge  t r ea tmen t  ope ra t i on ,  
o rgan i c  s o l i d s  a r e  consumed by a  m i c r o b i a l  popu la t i on .  The f i r s t  phase of 
d i g e s t i o n  produces v o l a t i l e  o rgan ic  ac ids  t h a t  a r e  then  a t t acked  by methane 
b a c t e r i a .  I n  t h i s  second phase o f  d i g e s t i o n ,  approx i r r~a te ly  60 percen t  methane 
gas i s  produced, which can be recap tu red  and used t o  hea t  t he  d i g e s t e r s  and, i n  
some cases, t o  generate e l e c t r i c i t y .  Where s ludge i s  n o t  d iges ted ,  hea t  d r y -  
i ng ,  a i r  d r y i n g ,  vacuum f i l t r a t i o n ,  and chemical  c o n d i t i o n i n g  a r e  sometimes 
used. F i n a l  d i sposa l  o f  t h e  t r e a t e d  s ludge i s  accomplished by i n c i n e r a t i o n ,  
l a n d f i l l ,  o r  a p p l i c a t i o n  as f e r t i l i z e r  o r  s o i l  c o n d i t i o n e r .  
T r i c k 1  i n g  f i l t e r s  p r o v i d e  ano ther  t ype  o f  secondary t r ea tmen t  which a1 so 
u t i  1  i zes m i c r o b i a l  popu la t i ons  f o r  o x i d a t i o n  of d i s s o l v e d  o rgan i c  m a t e r i a l  and 
n u t r i e n t s .  The f i l t e r  i t s e l f  i s  no rma l l y  a  c i r c u l a r  o r  r e c t a n g u l a r  bed of 
crushed r o c k  5 t o  7 f t  i n  depth.  Growing on t h e  s u r f a c e  o f  t h e  f i l t e r  i s  a  
b i o l o g i c a l  o r  zoog lea l  f i l m  l a y e r .  Raw sewage i s  a p p l i e d  t o  t h e  f i l t e r  sur -  
face, where i t  i s  o x i d i z e d  by t h e  m i c r o b i a l  p o p u l a t i o n  and then  t r i c k l e s  
through t h e  r o c k  media t o  a  system o f  underd ra ins .  These c o n d u i t s  c a r r y  t h e  
s t a b i l i z e d  sewage t o  sed imenta t ion  tanks, where t h e  suspended s o l  i d s  c o l l e c t  
i n  a  s ludge l a y e r .  The superna tan t  f l o w s  o u t  t o  s u r f a c e  water  o r  t o  land,  
and t h e  s ludge  i s  t r e a t e d  and d isposed o f  by one o f  t h e  methods p r e v i o u s l y  
mentioned. Cold weather poses problems f o r  rr~aintenance o f  t h e  m i c r o b i a l  l a y e r  
on t h e  f i l t e r  media. 
USEPA r e g u l a t i o n s  govern ing  water  q u a l i t y  have become more s t r i n g e n t  i n  
r e c e n t  years ,  p a r t i c u l a r l y  wi  t h  r e s p e c t  t o  phosphorus and n i t r o g e n  . Eff 1  uen t 
from secondary t r ea tmen t  processes must sometimes undergo t e r t i a r y  t r ea tmen t  
t o  meet these  improved s tandards.  The terms " t e r t i a r y "  and "advanced t rea tment "  
a r e  used i n t e r changeab l y  i n  much o f  t h e  l i t e r a t u r e ,  b u t  i n  t h e  USEPA sewage- 
t r e a t m e n t - p l a n t  data,  t h r e e  separa te  types o f  t e r t i a r y  t r ea tmen t  a r e  d i  s t i n -  
gu ished:  f i l t r a t i o n ,  n i t r i f i c a t i o n ,  and advanced wastewater t rea tment .  Of  
these types, t h e  s i m p l e s t  and l e a s t  energy - in tense  i s  f i  1  t r a t i o n ,  i n  which 
e f f l u e n t  f rom a  secondary t r ea tmen t  process passes th rough  f a b r i c ,  f i l t e r  pa- 
per ,  porous beds o f  g r a n u l a r  m a t e r i a l ,  sand, o r  some o t h e r  f i  l t e r i  n g - s t r a i n i n g  
medium. The e f f l u e n t  a f t e r  f i  1  t r a t i o n  has decreased phosphorus concen t ra t i on ,  
l ower  BOD ( b i o l o g i c a l  oxygen demand, i .e., amount o f  oxygen needed f o r  b i o l o g i -  
c a l  o x i d a t i o n  of o r g a n i c  s o l  i d s ) ,  and reduced t u r b i d i t y .  
A second, more complex method o f  t e r t i a r y  t r ea tmen t  i s  n i t r i f i c a t i o n .  
Wastewater, i n c l u d i n g  e f f l u e n t  f rom secondary t rea tment ,  c o n t a i n s  n i t r o g e n  
t i n  t h e  form o f  t h e  ammoniurr~ c a t i o n  NHb . Removal o f  t h i s  ammonia-ni t r ogen  p ro -  
t e c t s  a q u a t i c  1  i f e  f rom ammonia t o x i c i t y  and reduces r ~ i  t r ogen  n u t r i e n t s  t h a t  
s t i m u l a t e  a1 g a l  blooms. The chemoautot rophic  b a c t e r i a  nitrosomas and ni tro-  
bacter ope ra te  i n  success ion t o  o x i d i z e  n i t r ogenous  compounds t o  n i t r a t e s  
(NO3). Two main n i t r i f i c a t i o n  systems a r e  i n  use: suspended g rowth  r e a c t o r s ,  
i n  which t h e  chemoautot roph ic  b a c t e r i a  and a c t i v a t e d  s l u d g e  e f f l u e n t  a r e  
s l o w l y  mixed, m a i n t a i n i n g  anaerob ic  c o n d i t i o n s ,  and t h e  i o n  exchange Process, 
++ i n  which t h e  NH,+ i o n  i s  r e p l a c e d  by ~ a +  and Ca i o n s ,  wh ich  cause l e s s  
env i ronmenta l  damage. 
The most e n e r g y - i n t e n s i v e  t r e a t m e n t  process p resen ted  i n  t h e  f o l l o w i n g  
da ta  i s  advanced wastewater t r e a t m e n t .  USEPA d a t a  i n d i c a t e  t h a t  a t  p r e s e n t  
(1977) no AWTs a r e  i n  o p e r a t i o n  i n  t h e  U n i t e d  S t a t e s .  By 1990, however, i t  
i s  e s t i m a t e d  t h a t  a t  l e a s t  200 o f  these  p l a n t s  w i l l  be o p e r a t i n g .  The i n d i v i d -  
u a l  t r e a t m e n t  u n i t s  co r r~pr i s ing  advanced t r e a t m e n t  w i  11 v a r y  i n  d i f f e r e n t  l o c a -  
t i o n s  depending upon t h e  p a r t i c u l a r  wa te r  q u a l i t y  problems, b u t  ANTS a r e  
c h a r a c t e r i z e d  i n  t h e  USEPA da ta  as systems t h a t  p r o v i d e  secondary t rea tment ,  
n i t r i f i c a t i o n ,  chemical  c l a r i f i c a t i o n ,  and f i  1  t r a t i o n  i n  s e q u e n t i a l  s tages.  
Secondary t r e a t m e n t  and n i t r i f i c a t i o n  have been d iscussed  above. Chemical 
c l a r i f i c a t i o n  reduces suspended s o l i d s  i n  t h e  e f f l u e n t  and removes phosphorus. 
With t h e  a d d i t i o n  o f  chemica ls  such as aluminum s u l f a t e  (a lum),  l i m e ,  and 
f e r r i c  c h l o r i d e s ,  i n d i v i d u a l  p a r t i c l e s  t o o  sma l l  t o  be removed by p h y s i c a l  
methods such as sed imenta t ion  and f i l t r a t i o n  a r e  agglomerated and may then  be 
f i  1  t e r e d  o u t .  The energy requ i rements  f o r  t h i s  extended t r e a t m e n t  process i s  
more than  t w i c e  t h a t  o f  c o n v e n t i o n a l  secondary t r e a t m e n t .  
Energy Requirements f o r  D i f f e r e n t  Treatment Processes 
The energy r e q u i r e d  t o  o p e r a t e  each o f  t h e s e  p r i m a r y ,  secondary,  and 
t e r t i a r y  t r e a t m e n t  systems has been c h a r a c t e r i z e d  by t h e  consu l  t i  ng f i r m  Cul p/ 
Wesner/Culp (G.  M.  Wesner, L .  J. Ewing, J r . ,  T. S. L ineck ,  and D.  J .  H i n r i c k s ) .  
The e x t e n s i v e  da ta  compi led by t h e s e  r e s e a r c h e r s  a r e  p resen ted  i n  a  d r a f t  
paper t i t l e d  "Energy Conserva t ion  i n  M u n i c i p a l  Wastewater Treatment ," prepared 
on c o n t r a c t  f o r  t h e  USE PA.^ T h i s  paper i s  scheduled f o r  r e v i e w  and f i n a l  pub- 
l i c a t i o n  i n  t h e  n e x t  few months. Tables 2-1 ( a )  and 2-1 ( b )  ( t i t l e d  "Natl,onad 
Energy Requirements f o r  Var ious  Processes o f  M u n i c i  pa l  bras t e w a t e r  T r e a t m e ~ i t " )  of 
t h i s  d r a f t  paper p r e s e n t  t h e  e l e c t r i c a l  (kwh) and f o s s i l  f u e l  ( B t u )  energy 
requ i rements  f o r  each o f  t h e  s i x  t r e a t m e n t  processes i d e n t i f i e d .  F o r  each 
c a p a c i t y  range, an average c a p a c i t y  f i g u r e  i s  es t ima ted  t o  a l l o w  c a l c u l a t i o n  
o f  t h e  energy r e q u i r e d  p e r  p l a n t  as w e l l  as p e r  m i l  g a l .  I t  was assumed i n  t h e  
USEPA d r a f t  paper, and has been assumed i n  t h i s  paper as w e l l ,  t h a t  each 
c a p a c i t y  range has t he  f o l  l ow ing  average capac i t y  : 
Capaci ty Range 
l e s s  than 5  rngd 
5  t o  9.9 rngd 
10 t o  19.9 rngd 
20 t o  49.9 mgd 
g r e a t e r  than  50 rngd 
Assumed Average Capaci ty  





For purposes o f  t h i s  paper, t h e  kwh and Btu energy requi rements  of t h e  
t r ea tmen t  p l a n t s  have been combined and conver ted  t o  a  measure o f  t h e  MJ r e -  
q u i r e d  per  p l a n t  a n n u a l l y  and per  m i l  g a l  annua l l y .  Tab le  34 g i v e s  t h e  MJ 
e q u i v a l e n t s  f o r  t he  p r ima ry  and secondary energy requi rements  presented i n  
Tables 2-1 ( a )  and 2-1 ( b )  o f  t h e  USEPA r e p o r t .  The energy a n a l y s i s  presented 
i n  t h e  f o l l o w i n g  pages, however, i n t e r p r e t s  t h i s  energy da ta  i n  a  s l i g h t l y  
d i f f e r e n t  way. The USEPA d r a f t  da ta  i n c l u d e  under fi 1 t r a t i o n  and n i t r i f i c a t i o n  
only t h e  energy consumed i n  those i n d i v i d u a l  phases of t e r t i a r y  t rea tment .  Bu t  
because fi 1 t r a  t i o n  and n i t r i f i c a t i o n  can o n l y  occur a f t e r  secondary t r ea tmen t  
has taken  p lace,  t h e  energy assigned these  p l a n t s  i n  t h e  f o l l o w i n g  t a b l e s  and 
graphs i s  t h e  combined energy o f  secondary and t e r t i a r y  t rea tment .  For  exam- 
p l e ,  a  1  rngd f i l t r a t i o n  p l a n t  i s  cons idered i n  t h i s  paper t o  r e q u i r e  a n n u a l l y  - 
t he  energy necessary t o  opera te  a  1  rngd a c t i v a t e d  s ludge  p l a n t  (6.5 x l o 6  MJ/ 
p l a n t )  p l u s  t h e  energy r e q u i r e d  a n n u a l l y  f o r  f i l t r a t i o n  a f  t h e  1  rngd e f f l u e n t  
(0.333 x  106 MJ /p l an t )  t o  g i v e  a  t o t a l  energy requ i rement  o f  6.833 x  1lI6 MJ t o  
opera te  a  1  rngd f i l t r a t i o n  p l a n t .  Tab le  35 presents  t h e  energy requi rements  of 
t he  combined t r ea tmen t  ca tego r i es  as t hey  a r e  en te red  i n  t he  c a l c u l a t i a n s  f o r  
t h i s  p resen t  paper. I n  a l l  ca tego r i es ,  t he  energy requ i rement  ass igned t o  each 
t ype  of p l a n t  i s  t h e  same f o r  bo th  1977 and 1990. The energy requi rements  i n  
Tables 34 and 35 i n c l u d e  n o t  o n l y  t h e  p r ima ry  e l e c t r i c a l  and f o s s i l  f u e l  r e -  
quirements f o r  i tems such as pumping and hea t ing ,  b u t  a l s o  t h e  i n d i r e c t  o r  sec- 
ondary energy requi rements  f o r  i tems such as t h e  chemical  i n p u t s  and f i l t e r  
media necessary i n  t h e  t rea tment  systems. A l so  i nc l uded  i s  t h e  energy r e q u i r e d  
f o r  s ludge  d i s p o s a l .  The energy r e q u i r e d  f o r  m a t e r i a l s  used i n  c o n s t r u c t i o n  of 
these f a c i  1  i t i e s  i s  exc luded f rom t h e  energy c a l c u l a t i o n s .  Tab le  36 presents  
t he  d i r e c t  and secondary energy requi rements  by t r ea tmen t  t y p e  i n s t e a d  of t he  
Table 34 
Average Pr imary and Secondary Energy Requirements f o r  D i f f e r e n t  
Kinds o f  Treatment P lan t s  Based on USEPA D r a f t  Data 
P l  a n t  Capaci ty  MJ 106 /P lan t  MJ x 106 /mi l  ga l  
Annua l l y  Annua l l y  
T F 
AS 
F i l  t 
N i  tr 
Ponds 
5-9.9 mgd (7.5 mgd) 
T F 
AS 
F i l t  
N i  tr 
Ponds 
10-19.9 mgd (15 mgd) 
T F 
AS 
F i l  t 
N i  tr 
Ponds 
AWT 
20-49.9 mgd (35 mgd) 
T F 
AS 
F i l  t 
N i  tr 
Ponds 
>50 mgd (75 mgd) 
TF 
AS 
Fi1. t  
N i  tr 
Ponds 
T a b l e  35 
Average Pr imary  and Secondary Energy Requirements Used 
i n  T h i s  Repor t  f o r  D i f f e r e n t  K inds o f  Treatment  P l a n t s  
- -. -. 
P l a n t  C a p a c i t y  MJ 1 0 6 / p l  a n t  Annual l y  
<5 mgd ( I d )  
TF 6.74 
AS 6.5'0 
F i l  t a c t i v a t e d  s ludge  + f i l t r a t i o n  
6.50 + 0.33 = 6.83 
N i  tr a c t i v a t e d  s ludge  + 6.50 + 1.81 = 8.31 
Ponds 3.74 
5-9.9 mgd (7.5 rngd) 
TF 29.1 
AS 34.5 
F i l  t a c t i v a t e d  s ludge  + f i  1 t r a t i o n  
34.52 + 2.77 = 37.30 
N i  tr a c t i v a t e d  s ludge  + n i t r i f i c a t i o n  
34.5 + 13.3 = 47.8 
Ponds 26.3 
10-19.9 mgd (15 mgd) 
T F 56.9 
AS 69.0 
F i l  t a c t i v a t e d  s ludge  + f i l t r a t i o n  
68.90 + 5.4 = 74.4 
N i  tr a c t i v a t e d  s ludge  + n i t r i f i c a t i o n  
68.90 + 24.7 = 93.7 
Ponds 78.50 
ANT 158.0 
20-49.9 rngd (35 rngd) 
TF 117.7 
AS 149.9 
F i l  t a c t i v a t e d  s ludge  + f i  1 t r a t i o n  
149.9 + 13.9 = 163.8 
N i  tr a c t i v a t e d  s ludge  + f i  1 t r a t i o n  
149.9 + 53.4 = 203.3 n i t r i f i c a t i o n  
Ponds 129.7 
50 mgd (75 rngd) 
T F 
AS 




a c t i v a t e d  s ludge  + f i  1 t r a t i o n  
312.4 + 22.0 = 334.4 
a c t i v a t e d  s ludge  + f i l t r a t i o n  
312.4 + 121.8 = 434.3 n i t r i f i c a t i o n  
269.3 
Table 36 
Average D i r e c t  and Secondary Energy Requirements f o r  D i f f e r e n t  
Kinds of Treatment P l a n t s  Based on USEPA D r a f t  Data 
P l a n t  Capac i t y  MJ 106 /p l an t  MJ x 106 /m i l  g a l  
Annual 1 y Annual 1 y 
<5 rngd ( 1  m g )  
TF 
AS 
F i l t  
N i  tr 
Ponds 
5-9.9 rngd (7.5 mgd) 
T F 
AS 
F i l  t 
N i  tr 
Ponds 
10-19.9 mgd (15 mgd) 
T F 25.46 1.70 
AS 29.39 1.96 
F i l t  1.76 0.12 
N i  tr 8.02 0.53 
Ponds 25.43 1.70 
AWT 78.81 5.25 
20-49.9 mgd (35 rngd) 
TF 
AS 
F i l  t 
N i  tr 
Ponds 
>50 rngd (75 mgd) 
T F 
AS 
F i l t  
N i  tr 
Ponds 
p r ima ry  and secondary energy requi rements  c a l c u l a t e d  i n  Tab le  34. The h i ghe r  
energy va lues  i n  Table  34 i n c l u d e  t h e  energy r e q u i r e d  t o  generate  and t r a n s m i t  
e l e c t r i c a l  energy. As d iscussed i n  t h e  i n t r o d u c t i o n ,  t h e  d i r e c t  energy o f  
e l e c t r i c i t y  does n o t  i n c l u d e  these  energy i n p u t s  f o r  p roduc t i on  o f  e l e c t r i c i t y .  
O rgan i za t i on  o f  Geographic Regions 
A l though  t h e  USEPA sewage t r ea t r r~en t  da ta  a r e  d isaggregated t o  s i n g l e  
s t a t e s ,  t h e  a n a l y s i s  presented be1 ow descr ibes  geographica l  r eg i ons  r a t h e r  than 
i n d i v i d u a l  s t a t e s .  S ta tes  have been grouped t oge the r  (excep t  Cal i f o r n i a )  i n  
rough correspondence w i t h  Water Resource Regions o f  t h e  Un i t ed  S ta tes .  
F i gu re  16 d e l i n e a t e s  these wate r  resource  reg ions ,  which a r e  d e f i n e d  by ma jo r  
r i v e r  bas ins  and watershed areas i n  t h e  coun t r y .  F i g u r e  17 i d e n t i f i e s  t h e  
geographica l  r eg i ons  used i n  t h i s  paper t o  ana lyze  t h e  energy requi rements  f o r  
sewage t reat rnent  i n  t he  U n i t e d  S ta tes .  U n l i k e  t he  Water Resource i iegions of 
America, t h e  borders  o f  t h e  geograph ica l  r eg i ons  i d e n t i f i e d  i n  t h i s  paper 
conform t o  s t a t e  boundar ies.  As a  r e s u l t ,  i n  many cases p a r t s  o f  two o r  more 
wate r  resource  r e g i o n s  a r e  combined t o  form t h e  twe lve  geograph ica l  areas o f  
sewage t r ea t rne r~ t  a n a l y s i s  p i c t u r e d  i n  F i g u r e  17. Region 7, t he  Lower M i s s i s s i p p i ,  
combines t h e  Lower M i s s i s s i p p i  Water Resource Region w i t h  p a r t s  o f  t h e  Sour i s -  
Red-Rainy and Grea t  Lakes Water Resource Regions. The s t a t e s  encompassed by 
r e g i o n  7  i n c l u d e  Arkansas, Lou is iana ,  M i s s i s s i p p i ,  and M i s s o u r i .  
Regional  Sewage Treatment Capac i t y  
Tables 37 th rough  49 combine by geographic  r e g i o n  t he  USEPA 1  i s t i n g  o f  
sewage t r ea tmen t  p l a n t s  o f  d i f f e r i n g  types and c a p a c i t y  s i z e s  i n  each s t a t e .  
The s t a t e s  i n c l u d e d  i n  each r e g i o n a l  t a b l e  a r e  l i s t e d  below t h e  r e g i o n a l  t i t l e .  
Most of t h e  a c t i v a t e d  s ludge  e n t r i e s  and a  few e n t r i e s  o f  t r i c k l i n g  f i l t e r s  and 
ponds a r e  f o l l o w e d  by a  number i n  pa ren thes i s .  The f i r s t  number i s  g i ven  i n  
t h e  USEPA da ta  and rep resen t s  t h e  t o t a l  number o f  p l a n t s  i n  use, w h i l e  t h e  
second number i n  pa ren thes i s  i n d i c a t e s  those p l a n t s  o u t  o f  t he  t o t a l  t h a t  p ro -  
v i d e  o n l y  secondary t r ea tmen t  and a r e  n o t  combined w i t h  t e r t i a r y  phases. Be- 
cause f i l t r a t i o n  and n i t r i f i c a t i o n  u n i t s  no rma l l y  f o l l o w  t h e  a c t i v a t e d  s ludge 
process, v i r t u a l l y  a l l  o f  t h e  secondary p l a n t s  assumed t o  be combined w i t h  t e r -  
t i a r y  u n i t s  a r e  a c t i v a t e d  s ludge  systems. These t a b l e s  a l s o  g i v e  es t imates  of 
t he  t o t a l  mgd c a p a c i t y  f o r  each t y p e  o f  p l a n t .  These numbers a r e  ob ta ined  by 
m u l t i p l y i n g  t h e  average p l a n t  c a p a c i t y  i n  each o f  t h e  c a p a c i t y  ranges by t h e  

REGION 
1. PACIFIC NORTHWEST (Washington, Oregon, Idaho) 
2. CALIFORNIA 
3. GREAT BASIN, Lower Colorado, Upper Colorado, and Rio Grande 
(Nevada, Utah, Arizona, Colorado, New Mexico) 
4. MISSOURI BASIN and Par t  o f  Souris-Red-Rainy 
(Montana, Wyoming , North Dakota, South Dakota, Nebraska) 
5. ARKANSAS-WHITE-RED and Texas Gul f (Kansas, Oklahoma, Texas) 
6. UPPER PlISSISSIPPI w i t h  Pa r t  o f  Souris-Red-Rainy and Pa r t  o f  Great Lakes 
(Minnesota, Wisconsin, Iowa, I 1  1 i no i s ,  Michigan) 
7. LOWER MISSISSIPPi (Arkansas, Louisiana, M i ss i s s i pp i )  
8. OHIO and TENNESSEE (Indiana, Ohio, Kentucky, West V i r g i n i a ,  Tennessee) 
9. SOUTH ATLANTIC GULF (Alabama, Georgia, South Carol i na, North Carol i na, F l o r i d a )  
10. MID-ATLANTIC and Pa r t  o f  Great Lakes (New York, Pennsylvania, New Jersey, 
Delaware, Maryland, V i r g i n i a ,  D i s t r i c t  o f  Columbia) 
11 . NEW ENGLAND (Maine, Vermont, New Hampshire, Massachusetts, Connect icut,  
Rhode Is land)  
12. ALASKA and HAWAII 
F i g u r e  17. Energy f o r  sewage t r e a t m e n t :  Geographic r e g i o n s  
o f  a n a l y s i s  based on wa te r  resource  r e g i o n s .  
Table 37 
Itemized Plants  
P a c i f i c  Northwest 
Washington, Oregon, Idaho 
P lan t  Annual Energy Requirement 
Capacity Number o f  P lan ts  Tota l  Estimate (Primary and Secondary Energy) 
(mgd) (mgd) (MJ x l o 6 )  
1977 1990 1977 1990 1977 1990 
<4.9 mgd 
TF 59 69 59 69 397.7 465.1 
AS 74 (63) 344 (252) 63 252 409.5 1638.0 
F i l t  11 92 11 92 75.2 628.6 
N i t r  0 0 0 0 0 0 
Ponds 154 184 1 54 184 575.3 687.4 
5-9.9 mgd 
TF 3 3 22.5 22.5 87.3 87.3 
AS 10 (9 )  24 (20) 67.5 150 310.7 690.5 
F i l  t 1 4 7.5 30 37.3 149.2 
N i t r  0 0 0 0 0 0 
Ponds 1 1 7.5 7.5 26.4 26.4 
10-19.9 g d  
TF 
AS 
F i l t  






F i l t  
N i  tr 
Ponds 
4 0  mgd 
TF 
AS 
F i l t  
N i  tr 
Ponds 
T a b l e  38 
I temized P l a n t s  
C a l i f o r n i a  
P lan t  
Capacity 
(mgd) 
Annual Energy Requirement 
Tota l  Estimate (Pr imary and Secondary Energy) 
(mgd) (MJ x 106) 
1977 1990 1977 1990 





F i l t  





F i l t  





F i l t  






F i l t  





F i l t  
N i t r  
Ponds 
T a b l e  39 
I t emized  P l a n t s  
G r e a t  B a s i n ,  Lower Colorado,  Upper Co lo rado ,  and Rio  Grande 
Nevada, Utah,  A r i z o n a ,  Co lo rado ,  New Mexico 
Plant  
Capacity 
( w d )  
Number o f  Plants 
1977 1990 
Annual Energy Requirement 
Total Estimate (Primary and Secondary Energy) 
(mgd) ( r . 1 ~  x l o 6 )  
1977 1990 1977 1990 
<4.9 mgd 
TF 48 58 (26) 48 26 323.6 175.3 
AS 82 (62) 184 (16) 62 16 403.0 104.0 
F i l t  19 2 38 19 238 129.8 1626.2 
Ni  tr 1 33 1 3 3 8.3 274.4 




F i l t  





F i l t  




F i l t  





F i l t  
Ni  tr 
Ponds 
Table 40 
I t em ized  P l  an ts  
M issou r i  Bas in  and P a r t  of Souris-Red-Rainy 
Montana, Wyoming, Nor th  Dakota, South Dakota, Nebraska 
Pl  an t  
Capacity 
(mgd) 
Number o f  Plants 
1977 1990 
Annual Energy Requirement 
Tota l  Estimate (Primary and Secondary Energy) 
(mgd) (MJ x l o 6 )  




F i l t  





F i l t  





F i l t  






F i l t  





F i l t  
N i t r  
Ponds 
T a b l e  41 
I t emized  Pl .ants  
Arkansas-White-Red and Texas Gulf  
Kansas, Oklahoma, Texas 
Plant  
Capacity Number of Plants 
1977 1990 
Annual Energy Requirement 
Total Estimate (Primary and Secondary Energy) 
(mgd) (MJ x 106) 




F i l t  





f i l  t 





F i l t  












F i l t  
N i  t r  
Ponds 
Table 42 
Itemized Plants  
Upper Mississippi  with Pa r t  Souris-Red-Rainy and Pa r t  of Great Lakes 




Number o f  P lan ts  
Annual Energy Requirement 
Total  Estimate (Primary and Secondary Energy) 
(mgd) (MJ x l o 6 )  
~4 .9  mgd 
TF 
AS 
F i l t  





F i l t  
N i  tr 
Ponds 
AS 
F i l t  






F i l t  





F i l t  





Arkansas, Louisiana, Mississippi 
Plan t  
Capacity 
(m9d) 
Number o f  P lants  
1977 1990 
Annual Energy Requirement 
Tota l  Estimate (Primary and Secondary Energy) 
(m9d) (MJ x l o 6 )  




F i l t  





F i l  t 





F i l t  




F i l t  





F i l t  
N i t r  
Ponds 
Table 44 
I temized  P lan t s  
Ohio and Tennessee 
Ind iana,  Ohio, Kentucky, West V i r g i n i a ,  Tennessee 
Plant  
Capacity Number o f  Plants Annual Energy Requirement Tota l  Estimate (Primary and Secondary Energy) (mgd) (mgd) (MJ x l o 6 )  
1977 1990 1977 1990 1977 1990 
<4.9 mad d 
TF 
AS 






F i l t  





F i l t  






F i l t  





F i l t  
N i t r  
Ponds 
Table  45 
I t emized  P l a n t s  
South A t l a n t i c  Gulf  
Alabama, Georg ia ,  South Carol  i n a y  North C a r o l i n a  , F l o r i d a  
- - -- 
Plant Annual Energy Requirement 
Ca a c i t y  Number o f  Plants Total  Estimate (Primary and Secondary Energy) 
L g d )  (mgd) (MJ x l o 6 )  
1977 1990 1977 1990 1977 1990 
<4.9 mgd 
TF 21 6 236 (214) 21 6 214 1456.0 1442.6 
AS 404 (364) 1195 (451) 364 451 2366.0 2931 .O 
F i l  t 36 625 36 625 246.0 4270.6 
N i  tr 4 141 4 141 33.2 1172.3 




F i l t  






F i l t  






F i l t  





F i l t  
N i t r  
Ponds 
Tab le  46 
I t e m i z e d  P l a n t s  
M i d - A t l a n t i c  and P a r t  o f  G r e a t  Lakes 




Annual Enerqy Resui rement 
Number of Plants Total Estimate 
(mgd) 
(Primary and -secondary Energy) 














TF . . 
AS 
F i l t  
Nitr 
Ponds 




F i l t  
Nitr 
Ponds 
> 50 mgd 
TF 
AS 




I t em ized  P l a n t s  
New England 
Maine, Vermont, New Hampshire, Massachusetts, Connect icut ,  Rhode I s l a n d  
Plant  
Cdpaci t y  
(mgd) 
Number o f  Plants 
1977 1990 
Annual Energy Requirement 
Tota l  Estimate (Primary and Secondary Energy) 
(mgd) (MJ x 106) 
1977 1990 1977 1990 
~ 4 . 9  mgd 
TF 
AS 
F i l t  





F i l t  





F i l t  






F i l t  





F i l t  
Ni tr 
Ponds 
T a b l e  48 
I t emized  P l a n t s  
Alaska 
P l a n t  Annual Energy Requirement 
Capaci ty  Number o f  P lan ts  To ta l  Est imate (Pr imary and Secondary Energy) 
(mgd) (mgd) (MJ x l o 6 )  
1977 1990 1977 1990 1977 1990 
~ 4 . 9  mad 
TF 
AS 
F i l t  





F i l t  





F i l t  






F i l t  





F i l t  
N i t r  
Ponds 
Tab le  49 
I t em ized  P lan t s  




Number o f  Plants 
1977 1990 
Annual Energy Requi rernent 
Tota l  Estimate (Primary and Secondary Energy) 
(mgd) (MJ x 106) 




F i l t  





F i l t  





F i l t  






F i l t  





F i l t  
N i  tr 
Ponds 
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Table 50 
Regional  D i s t r i b u t i o n  o f  Small Capac i ty  and 
Large Capaci ty  Sewage Treatment P lan t s  
Capac i ty  5 5 mgd Capaci ty  f 5 mgd 
Percent  o f  Percent  o f  Percent  o f  Percent  o f  
1977 To t a  1 1990 To ta l  1977 To ta l  1990 To ta l  
(mgd) Capaci t y  (mgd) Capac i ty  (mgd) Capaci t y  (mgd ) Capaci ty  
P a c i f i c  Northwest 
C a l i f o r n i a  
Great  Bas in  
M issou r i  Bas in  
Arkansas-White-Red 
Upper M i s s i s s i p p i  
Lower M i s s i s s i p p i  
Ohio and Tennessee 
South A t l a n t i c  G u l f  
M i d - A t l a n t i c  
New England 
Alaska and Hawaii 
Un i t ed  S ta tes  10298 
Table 51 
Pr imary and Secondary Energy and Capac i t y  Summary 
P a c i f i c  No'rthwest 
Washington, Oregon, Idaho 
- - 
Trea trr~en t Type T o t a l  Capac i t y  Annual Energy Requirement 
rr~g d MJ x l o 6  
1977 1990 1977 1990 
T r i c k 1  i n g  f i l t e r  326.5 336.5 1296.9 1364.3 
A c t i  vated S l  udge 420.5 1077.0 1978.0 5269.2 
Secondary & F i  1 t r a t i o n  83.5 362.0 425.1 1901.4 
Secondary & N i t r i f i c a t i o n  0 90 0 434.3 
Ponds 351.5 381.5 1328.9 1441 .O 
ANT 0 120 0 1264.3 
T o t a l  f o r  a l l  t rea tment  
ty  Pes 1182.0 2367.0 5028.9 11674.5 
Table  52 
Pr imary  and Secondary Energy and Capac i t y  Summary 
C a l i f o r n i a  
Treatment Type T o t a l  Capac i t y  Annual Energy Requirement 
mg d MJ x l o 6  
1977 1990 1977 1990 
T r i  c k l  i ng F i  1 t e r  406.5 632.5 1681.7 2442.5 
A c t i v a t e d  Sludge 952.5 850.0 4379.9 4295.1 
Secondary & F i  1 t r a t i o n  171.5 1310.0 886.4 6399.7 
Secondary & N i t r i f i c a t i o n  16.0 571 .O 102.1 3342.3 
Ponds 
AWT 
T o t a l  f o r  a l l  t r ea tmen t  
types 2165.0 4565.5 9466.6 23432.1 
Table 53 
Pr imary and Secondary Energy and Capac i ty  Summary 
Great  Bas in  
Lower Colorado, Upper Colorado and R io  Grande 
Nevada, Utah, Ar izona, New Mexico, Colorado 
Treatment Type T o t a l  Capaci ty  Annual Energy Requirement 
mgd MJ x l o 6  
T r i c k l i n g  f i l t e r  
A c t i v a t e d  Sludge 414.5 423.5 1926.3 1858.2 
Secondary & F i  1 t r a t i o n  19.0 550.5 129.8 3360.0 
Secondary & N i t r i f i c a t i o n  1 . O  158.0 8.3 1195.1 
Ponds 
AWT 
To ta l  f o r  a l l  t rea tment  
types 1162.0 2427.5 4870.5 10612.5 
Table 54 
Pr imary and Secondary Energy and Capac i ty  Summary 
M issou r i  Bas in  and P a r t  o f  Souris-Red-Rainy 
Montana, Wyoming, Nor th  Dakota, South Dakota, Nebraska 
Treatment Type To ta l  Capac i ty  Annual Energy Requirement 
mgd MJ x l o 6  
1977 1990 1977 1990 
T r i c k l i n g  f i l t e r  144.5 146.5 701.8 715.3 
A c t i v a t e d  S l  udge 159.5 297.5 831.0 1337.3 
Secondary & F i  1 t r a t i o n  8 1 24 1 375.4 1271.7 
Secondary & N i t r i f i c a t i o n  0 2 0 0 183.2 
Ponds 71 1 11 72 2649.6 3665.8 
ANT 0 3 0 0 316.1 
T o t a l  f o r  a l l  t rea tment  
t Y  Pes 1096.0 1907.0 4557.8 7489.4 
Table 55 
Primary and Secondary Energy and Capacity Summary 
Arkansas-White-Red and Texas Gulf 
Kansas, Oklahoma, Texas 
- - 
Treatment Type Total Capacity Annual Energy Requirement 
mg d MJ x lo6  
1977 1990 1977 1990 
- - 
Trick1 i ng Fi 1 t e r  848.5 701.0 3986.8 3323.9 
Activated Sl udge 1465.0 977.0 7252.7 5347.8 
Secondary & F i l t r a t i o n  130.5 1444.5 642.9 8742.8 
Secondary & N i t r i f i c a t i o n  8 . 5  377.5 56.1 2568.5 
Ponds 1146.5 1292.0 4320.7 4885.0 
AWT 0 240 0 2528.7 
Total f o r  a l l  t reatment  
types 3599.0 5032.0 16259.2 27396.7 
Table 56 
Primary and Secondary Energy and Capacity Summary 
Upper Miss i s s ipp i ,  with p a r t  of  Souris-Red-Rainy and Par t  of Great Lakes 
Minnesota, Wisconsin, Iowa, I l l i n o i s ,  Michigan 
Treatment Type Total Capacity Annual Energy Requirement 
mgd MJ x 106 
1977 1990 1977 1990 
Trick1 ing f i l t e r  1272.5 1229.0 6525.4 5887.2 
Activated Sludge 2703.5 2027.5 12672.2 9415.5 
Secondary & Fi 1 t r a t i o n  261.5 2357.0 1473.6 13095.2 
Secondary & N i t r i f i c a t i o n  9.5 398.0 64.4 2520.0 
Ponds 1362.5 2486.0 51 78.2 9367.2 
AWT 0 420.0 0 4425.2 
Total f o r  a l l  t reatment  
types 5609.5 891 7.5 2591 3.8 44710.3 
Table 57 
Pr imary and Secondary Energy and Capac i t y  Summary 
Lower M i s s i s s i p p i  
Arkansas, Louis iana,  M i s s i s s i p p i ,  M i s s o u r i  
Treatment Type T o t a l  Capac i t y  Annual Energy Requirement 
rng d MJ x l o 6  
1977 1990 1977 1990 
T r i c k 1  i n g  f i  1 t e r  . 255 31 1 1 370.5 1618.0 
A c t i v a t e d  Sludge 408 1 4.40.5 2016.3 7254.9 
Secondary & F i  1 t r a t i o n  42.5 580 248.6 3616.7 
Secondary & N i t r i f i c a t i o n  0 10 0 83.1 
Ponds 947 1256.0 3611 .O 4766.5 
AWT 0 90 0 948.2 
T o t a l  f o r  a l l  t rea tment  
t Y  Pes 1652.5 3687.5 7246.4 18285.4 
Table  58 
Pr imary and Secondary Energy and Capac i t y  Summary 
Ohio and Tennessee 
Ind iana ,  Ohio, Kentucky, West V i r g i n i a ,  Tennessee 
Treatment Type T o t a l  Capac i t y  Annual Energy Requirement 
mg d MJ x l o 6  
1977 1990 1977 1990 
T r i c k l i n g  f i l t e r  240.5 324.5 1307.3 1713.6 
A c t i  vated S l  udge 2394.5 2217.5 11416.3 11451.5 
Secondary & F i  1 t r a t i o n  207 2551.5 1124.4 1 401 0.2 
Secondary & N i t r i f i c a t i o n  79 359 432.4 2638.2 
Ponds 
AWT 
T o t a l  f o r  a l l  t r ea tmen t  
t ypes  3412.5 6846.5 16164.1 38334.9 
Table 59 
Primary and Secondary Energy and Capacity Sulnrnary 
South At l an t i c  Gulf 
Alabama, Georgia, South Carol ina ,  North Carol ina ,  Florida 
Treatment Type Total Capacity Annual Energy Requirement 
mgd MJ x lo6  
1977 1990 1977 1990 
Tr ickl ing  f i l t e r  1148.5 1151.5 4847.6 4853.6 
Activated Sl udge 2101.5 1426.0 10083.6 7252.9 
Secondary & F i l t r a t i o n  301 . O  2112.5 1512.1 11420.7 
Secondary & N i t r i f i c a t i o n  214 1058.5 1266.6 6689.5 
Ponds 851 1114.5 3308.2 4319.0 
AWT 0 120 0 1264.3 
Total f o r  a l l  t reatment  
types 4616.0 6983.0 21018.1 35800.0 
Table 60 
Primary and Secondary Energy and Capacity Summary 
Mid-Atlantic and Pa r t  of Great Lakes 
New York, Pennsylvania, New Jersey ,  Delaware, 
Maryland, Virg in ia ,  D i s t r i c t  of Columbia 
Treatment Type Total Capacity Annual Energy Requirement 
mgd MJ x 106 
Tr ickl ing  f i l t e r  865 965 3929.9 4535.0 
Activated Sl udge 3363 4831.5 15435.5 23495.1 
Secondary & F i  1 t r a t i o n  423 2796.5 2600.0 14942.4 
Secondary & N i t r i f i c a t i o n  3 8 771.5 228.2 4794.5 
Ponds 342 603.0 1282.6 2258.3 
AWT 0 870.0 0 9166.4 
Total f o r  a l l  t reatment  
types 5031 . O  10837.5 23476.2 591 91 .7 
Table 61 
Pr imary and Secondary Energy and Capaci ty  Summary 
New Engl and 
Maine, Vermont, New Hampshire, Massachusetts, 
Connect icut ,  Rhode I s l a n d  
Treatment Type T o t a l  Capaci ty  Annual Energy Requirement 
mgd MJ x l o 6  
1977 1990 1977 1990 
T r i c k 1  i n g  fi 1 t e r  104 115.5 452.8 508.8 
A c t i v a t e d  Sludge 934 1405.0 4368.1 6622.4 
Secondary & F i l t r a t i o n  5 2 498.5 327.4 2652.3 
Secondary & N i t r i f i c a t i o n  15 27 1 .5 93.8 1739.8 
Ponds 37 109 138.2 407.2 
ANT 0 150 0 1 580 ..4 
T o t a l  f o r  a l l  t rea tment  
types 1142.0 2549.5 5380.3 13510.9 
Table 62 
Pr imary and Secondary Energy and Capaci ty  Summary 
Alaska and Hawai i  
Treatment Type T o t a l  Capaci ty  Annual Energy Requirement 
mgd MJ x l o 6  
1977 1990 1977 1990 
T r i c k l i n g  f i l t e r  
A c t i v a t e d  Sludge 26.5 216.5 158.0 1054.9 
Secondary & F i l t r a t i o n  0 18 0 95.1 
Secondary & N i t r i f i c a t i o n  0 0 0 0 
Ponds 
ANT 
T o t a l  f o r  a l l  t rea tment  
types 55.0 394.0 269.4 1855.2 
o f  5028.9 x l o 6  MJ a n n u a l l y .  The energy d a t a  i n  these  summary Tables 51 
th rough  62 a r e  presented g r a p h i c a l l y  i n  F i g u r e s  18 th rough  29. The h is tog rams 
i n  these  f i g u r e s  d e p i c t  t h e  i n c r e a s e  i n  t o t a l  MJ r e q u i r e d  a n n u a l l y  f o r  d i f f e r -  
e n t  types of sewage t r e a t m e n t  i n  d i f f e r e n t  r e g i o n s  o f  t h e  c o u n t r y  between 
1977 and 1990. I n  some o f  t h e  f i g u r e s ,  t h e  energy r e q u i r e d  f o r  a c t i v a t e d  
s ludge  d e c l i n e s  between 1977 and 1990. T h i s  d e c l i n e  does n o t  r e s u l t  f r o m  a 
decrease i n  t h e  energy r e q u i r e d  per  m i l  g a l ,  as t h e  energy requ i rements  p e r  
u n i t  of sewage t r e a t e d  a r e  assumed t o  be t h e  same i n  1977 and i n  1990. Nor 
does t h i s  d e c l i n e  i n  energy r e p r e s e n t  a  phas ing  o u t  o f  t r e a t m e n t  p l a n t s ,  as 
a1 1  t h e  p l a n t s  i n  o p e r a t i o n  i n  1977 a r e  a l s o  expected t o  be o p e r a t i n g  i n  1990. 
The d e c l i n e  i n  energy f o r  a c t i v a t e d  s ludge  where i t  occurs  r e f l e c t s  t h e  up- 
g r a d i n g  of a  secondary t r e a t m e n t  process t o  a  t e r t i a r y  t r e a t m e n t  process.  A1 1  
d e c l i n e s  i n  energy f o r  t h e  a c t i v a t e d  s ludge  t r e a t m e n t  a r e  matched by i d e n t i c a l  
i nc reases  i n  t h e  energy r e q u i r e d  i n  t h e  f i l t r a t i o n  and n i t r i f i c a t i o n  c a t e g o r i e s .  
I t  can be observed f rom t h e  d a t a  i n  Tables 51 th rough  62 and t h e  c o r r e s -  
ponding h is tog rams t h a t  i n  most r e g i o n s  of  t h e  c o u n t r y  a  l a r g e  i n c r e a s e  i n  
t h e  energy r e q u i r e d  f o r  t e r t i a r y  t r e a t m e n t  w i l l  occur  between 1977 and 1990. 
For  each of  t h e  r e g i o n s ,  t h e  f o l l o w i n g  t r e a t r r ~ e n t  processes w i l l  r e q u i r e  
t h e  g r e a t e s t  i n c r e a s e  i n  energy between 1977 and 1990. 
Region 
P a c i f i c  Nor thwest  
Cal i f o r n i a  
Treatment  Types R e q u i r i n g  t h e  
G r e a t e s t  I n c r e a s e  i n  Energy 
a c t i v a t e d  s ludge  and f i  1  t r a t i o n  
f i l t r a t i o n  and n i t r i f i c a t i o n  
Grea t  Bas in  f i l t r a t i o n  and n i t r i f i c a t i o n  
M i s s o u r i  Bas in  ponds and f i l t r a t i o n  
Arkansas-White-Red f i l t r a t i o n  and n i t r i f i c a t i o n  
Upper M i s s i s s i p p i  
Lower M i s s i s s i p p i  
ponds and f i 1 t r a  t i  on 
a c t i v a t e d  s ludge  and f i l t r a t i o n  
Ohio and Tennessee f i l t r a t i o n  and n i t r i f i c a t i o n  
South A t l a n t i c  G u l f  
M i d - A t l a n t i c  
f i l t r a t i o n  and n i t r i f i c a t i o n  
a c t i v a t e d  s ludge  and f i  1  t r a t i o n  
New England a c t i v a t e d  s ludge  and f i  1  t r a t i o n  







Figure  20. Great Basin, Lower Colorado, Upper Colorado, and R io  Grande. 3r n 
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6 r  F igure  18. P a c i f i c  Northwest. 
T r i  c k l  i ng Ac t i va ted  Secondary Secondary Pond AWT 
F i  1 t e r  Sludge p l us  p lus  
F i l t r a t i o n  N i t r i f i c a t i o n  
7- F igure  19. C a l i f o r n i a .  
F i g u r e s  18 t h r o u g h  21. P r i m a r y  and secondary energy  consumpt ion  by 
t y p e  o f  sewage t r e a t m e n t  i n  v a r i o u s  a reas .  
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T r i c k l i n g  A c t i v a t e d  Secondary Secondary Ponds AWT 
F i  1 t e r  Sludge plus p lus 
F i l t r a t i o n  N i t r i f i c a t i o n  
Figures 22 and 23. Primary and secondary energy consumption by 
type of sewage treatment  i n  var ious  a reas .  
T r i c k l i n g  Act ivated Secondary Secondary Ponds AWT 
F i  1  t e r  Sludge plus plus 
F i l t r a t i o n  N i t r i f i c a t i o n  
F igu res  24 and 25. Pr imary and secondary energy consu~ r~p t i on  by 
t y p e  o f  sewage t r ea tmen t  i n  v a r i o u s  areas.  
Tr i ck1  i n g  Ac t i va ted  Secondary Secondary Ponds AWT 
F i  1  t e r  Sludge p lus  p lus  
F i l t r a t i o n  N i t r i f i c a t i o n  
Figure 26. Primary and secondary energy consurr~ption by type 
of sewage treatment in  the South At lant ic  Gulf. 
Trick1 i ng Activated Secondary Secondary Ponds A WT 
F i  1 t e r  Sludge plus plus 
F i l t r a t i o n  N i t r i f i c a t i o n  
F i g u r e  27. Pr imary and secondary energy consumption by t ype  o f  sewage 
t rea tment  i n  t he  M i d - A t l a n t i c  and p a r t  o f  t h e  Great  Lakes. 
F igu re  28. Pr imary and secondary energy consumption by 
t ype  o f  sewage t rea tment  i n  New England. 
F i gu re  29. Pr imary and secondary energy consumption by t y p e  
o f  sewage t rea tment  i n  Alaska and Hawai i .  
Focusing on t h e  types o f  t rea tment  p l a n t s  themselves, i t  i s  apparent  
t h a t  v i r t u a l l y  no new t r i c k 1  i n g  f i  1  t e r  capac i t y  w i  11 be added i n  t h e  Un i t ed  
S ta tes .  Only Cal i f o r n i a  shows a  measurable inc rease  i n  t he  energy r e q u i r e d  
f o r  t r i c k l i n g  f i l t e r  p l a n t s  between 1977 and 1990. I n  many areas, i n c r e a s i n g  
numbers o f  a c t i v a t e d  sludge p l a n t s  w i  11 be combined w i t h  t e r t i a r y  u n i t s ,  
r e s u l t i n g  i n  a  decrease i n  t he  energy r e q u i r e d  f o r  a c t i v a t e d  sludge p l a n t s  
p r o v i d i n g  secondary t rea tment  on ly .  The Upper M i s s i s s i p p i  i s  t h e  r e g i o n  i n  
which t he  g r e a t e s t  decrease i n  energy f o r  a c t i v a t e d  sludge p l a n t s  (secondary 
t rea tment  o n l y )  w i l l  occur over  t h e  n e x t  12 years .  The reg ions  i n  which t h e  
g r e a t e s t  inc rease  i n  energy f o r  a c t i v a t e d  s l  udge (secondary t rea tment  o n l y )  i s  
a n t i c i p a t e d  a r e  t he  M i d - A t l a n t i c ,  t he  Lower M i s s i s s i p p i  , and t he  P a c i f i c  Nor th-  
west, i n  descending o rde r  o f  demand. The energy f o r  f i l t r a t i o n  w i l l  i nc rease  
s i g r r i f i c a n t l y  i n  a l l  reg ions  o f  t h e  coun t r y  between 1977 and 1990. The inc rease  
w i l l  be t h e  g r e a t e s t  f o r  Ohio and Tennessee, t h e  M i d - A t l a n t i c ,  and t h e  Upper 
M i s s i s s i p p i  r eg ions .  N i t r i f i c a t i o n  w i l l  be l e s s  commonly i n t r oduced  between 
1977 and 1990 than w i  11 f i  1  t r a t i o n  because i t  i s  a  more complex, more energy- 
i n t ense  process. As a  r e s u l t ,  f i l t r a t i o n  w i l l  be p r e f e r r e d  f o r  a l l  cases i n  
which t h i s  l e s s  c o s t l y  t e r t i a r y  process can achieve t h e  d e s i r e d  q u a l i t y  s tan-  
dards. The areas i n  t h e  coun t ry  i n  which energy f o r  n i t r i f i c a t i o n  w i l l  i nc rease  
most between 1977 and 1990 a r e  t h e  South A t l a n t i c  Region, the ,Mid -A t lan t i c  
Region, and C a l i f o r n i a .  Because t he  l o c a t i o n  o f  AWTs es t imated  t o  be i n  opera- 
t i o n  by 1990 i s  n o t  g i ven  i n  t h e  USEPA data,  they  have been appor t ioned  among 
t h e  12 geographica l  reg ions  on t he  bas i s  o f  t he  number o f  p l a n t s  g r e a t e r  than 
50 mgd t h a t  w i l l  opera te  t he re  i n  1990. Based on t h i s  assumption, i t  appears 
t h a t  t he  M i d - A t l a n t i c  and Ohio and Tennessee reg ions  w i l l  exper ience t h e  
g r e a t e s t  growth i n  t h e  energy r e q u i r e d  f o r  AWTs. Table 63 i n d i c a t e s  t he  per-  
centage o f  t h e  t o t a l  energy requi rement  f o r  sewage t rea tment  t h a t  i s  used i n  
each r e g i o n  f o r  a l l  t e r t i a r y  t reatrnent processes combined. 
Na t i ona l  Energy Requirements f o r  Sewage Treatment by Treatment Type 
The data presented i n  Table 64 summarize t h e  c a p a c i t y  f o r  t h e  n a t i o n  as a  
whole accord ing  t o  t ype  o f  t rea tment  and t h e  energy needed annua l l y  t o  accom- 
p l  i s h  each type  o f  t rea tment .  Table 65 i n d i c a t e s  t h e  percentage o f  t h e  t o t a l  
energy r e q u i r e d  f o r  sewage t rea tment  t h a t  i s  consumed by each ca tegory  of 
t rea tment .  I n  bo th  1977 and 1990, t h e  l a r g e s t  percentage o f  energy i s  r e -  
q u i r e d  by t he  a c t i v a t e d  sludge, secondary t rea tment  process. I n  1990, however, 
Table 63 
Pr imary and Secondary Energy Required 
t o  Accompl i sh T e r t i a r y  Treatment 
Region 
1977 Percen t  1990 Percent  
(MJ x l o 6 )  T o t a l  Energy (MJ x l o 6 )  T o t a l  Energy 
P a c i f i c  Northwest 8 3600 ,3 1 
C a l i f o r n i a  9 88 10 13377 57 
Great  Bas in  138 3 581 9 55 
M i s s o u r i  Bas in  
Askansas-Whi te-Red 
Upper M i s s i s s i p p i  
Lower M i s s i s s i p p i  
Ohio and Tennessee 
South A t l a n t i c  G u l f  
M i d - A t l a n t i c  
New England 
Alaska and Hawaii 
Uni  t e d  S ta tes  
Table  64 
United S t a t e s  
Primary and Secondary Energy and Capaci ty  Summary 
Treatment Type Total  Capac i ty  Annual Energy Requirement 
! 
I (mgd) (MJ x l o 6 )  
I 1977 1990 1977 1990 
T r i ck l  ing  Fi 1 t e r  
i 
6025 6256 27703 28248 
I Act iva t ed  Sludge 15343 171 89  72518 84656 
Secondary & Fi 1 t r a t i o n  
I 1772 14822 9746 81 508 




Tota l  f o r  a l l  t r e a tmen t  
I t ype s  30722 5651 4 139651 292295 
1 
Table  65 
Percentage of  Total  Primary and Secondary Energy f o r  Sewage Treatment  
Required by Each Treatment Process  i n  t h e  United S t a t e s  
Treatment  Type Pe rcen t  
1977 1990 
T r i ck l  ing  Fi 1 t e r  
Ac t i va t ed  Sludge 
F i l t r a t i o n  
N i t r i f i c a t i o n  
Ponds 
AWTs 
a c t i v a t e d  s ludge f o r  secondary t r ea tmen t  uses a  much sma l l e r  p o r t i o n  of t h e  
t o t a l  energy than  i s  t h e  case i n  1990. I n  bo th  1977 and 1990, n i t r i f i c a t i o n  
r e q u i r e s  t h e  s m a l l e s t  percentage o f  t h e  t o t a l  energy needs. The h is togram 
of  F i g u r e  30 represen ts  t h e  inc rease  i n  MJ r e q u i r e d  a n n u a l l y  f o r  each t r e a t -  
ment t ype  between 1977 and 1990. For t h e  n a t i o n  as a  whole, t h e  i nc rease  i n  
t h e  energy r e q u i r e d  f o r  f i l t r a t i o n  exceeds t h a t  o f  any o t h e r  t r ea tmen t  ca te -  
gory.  Second i n  magnitude i s  t h e  growth i n  energy demanded f o r  o p e r a t i o n  of 
AWTs. O f  t h e  t e r t i a r y  t rea tment  ca tegor ies ,  t h e  energy r e q u i r e d  f o r  n i  tri f i c a -  
t i o n  w i l l  grow l e a s t  between 1977 and 1990. I n  t h e  p r imary  and secondary 
t rea tment  ca tego r i es  , the  inc rease  i n  energy r e q u i r e d  f o r  a c t i v a t e d  s ludge  
w i  11 be a l r r~os t  t h e  same as t he  expected inc rease  i n  t h e  energy r e q u i r e d  f o r  
o p e r a t i o n  o f  ponds. V i r t u a l l y  no new t r i c k 1  i n g  f i l t e r s  w i l l  be cons t ruc ted  
between 1977 and 1990. 
Regional  Comparisons o f  t h e  Combined Energy f o r  Sewage Treatment 
A  corr~pari son o f  t h e  t o t a l  energy requi rements  f o r  sewage t reat rnent  through-  
o u t  t h e  U n i t e d  S ta tes  i n  1977 and 1990 i s  g i ven  on a  r e g i o n a l  bas i s  i n  t h e  h i s -  
togram o f  F i gu re  31. Th i s  graph i s  cons t ruc ted  f rom t h e  energy t o t a l s  g i ven  
f o r  each r e g i o n  i n  Tables 51 th rough  62. The energy requi rements  a r e  sumrned 
over  a l l  t rea tment  t ypes  a t  a l l  c a p a c i t i e s  f o r  each r e g i o n  cons idered.  Table  
66 p resen ts  e s s e n t i a l l y  t h e  same da ta  expressed as percentage change i n  t h e  
annual energy requ i rement  between 1977 and 1990. S t a r t i n g  w i t h  A laska and 
Hawai i ,  t h e  r e g i o n  w i t h  t h e  g r e a t e s t  percentage inc rease  d u r i n g  t h i s  t ime  
i n t e r v a l ,  t h e  r e g i o n s  a r e  1  i s t e d  i n  descending magr~i  tudes o f  change, f i n i s h i n g  
w i t h  t h e  M i ssou r i  Basin,  i n  which t h e  percentage change between 1977 and 1990 
i n  t h e  annual energy r e q u i r e d  i s  smal l e s t  ( 6 4  pe rcen t ) .  The l a r g e  percentage 
i nc rease  i n  t h e  energy r e q u i r e d  f o r  sewage t r ea tmen t  i n  A laska and Hawai i  
occurs  because i t  i s  assumed t h a t  an AWT w i l l  be b u i l t  i n  t h i s  r e g i o n  by 1990. 
A  l a r g e  percentage change i n  t h e  energy r e q u i r e d  between 1977 and 1990 
does n o t  n e c e s s a r i l y  i n d i c a t e  a  h i g h  o r  low i n i t i a l  l e v e l  o f  energy use f o r  
sewage t rea tment .  A laska and Hawai i ,  f o r  exarr~ple, have t h e  h i g h e s t  percentage 
i nc rease  i n  t h e  energy requi rements  b u t  consume t h e  s m a l l e s t  amount o f  energy 
i n  1977 and 1990 of  a l l  t h e  r eg ions  de f i ned .  New England a l s o  has r e l a t i v e l y  
smal l  annual energy requi rements  compared t o  o t h e r  r e g i o n s  and a  v e r y  l a r g e  
percentage change i n  t h e  energy r e q u i r e d  by  1990. The M i d - A t l a n t i c  and South 
T r i c k 1  i ng A c t i v a t e d  Secondary Secondary Ponds ANT 
F i  1 t e r  Sludge p l u s  p l u s  
F i l t r a t i o n  N i t r i f i c a t i o n  
F i g u r e  30. P r imary  and secondary energy consumpt ion b y  t y p e  
o f  sewage t r e a t m e n t  i n  t h e  U n i t e d  S t a t e s .  
Key 
represents  1977 
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~ ~ r t h -  f o r n i a  Bas in  Basin  and ~ i s s i s -  M i s s i s -  Tennes- At lan-  At lan-  Eng- and 
west Texas s i p p i  s i p p i  see t i c  t i c  l a n d H a w a i i  
Figure 31. Primary and secondary energy consumption 
f o r  sewage treatment by geographic region. 
Table  66 
Percentage Change i n  t h e  T o t a l  P r imary  and Secondary Energy 
Requi r e d  by Regi ons--1977 and 1990 Compared 
- 
Region Annual Energy Requirement Percen t  Change 
MJ x 106 over  1977 
1977 1990 
A laska  & Hawai i  
Lower M i s s i s s i p p i  
M i d - A t l a n t i c  
New England 
C a l i f o r n i a  
Ohio & Tennessee 
P a c i f i c  Nor thwest  
Grea t  Bas in  
Upper Miss i s s i  p p i  
S. A t l a n t i c  G u l f  
Arkansas-White-Red 
Vli s s o u r i  Bas i  n 
Uni  t e d  S t a t e s  
A t l a n t i c  Gul f  have approx imate ly  equal  annual energy requ i rements  i n  1977, 
y e t  t h e  percentage i n c r e a s e  by 1990 w i l l  be 152 p e r c e n t  f o r  t h e  M i d - A t l a n t i c  
and o n l y  70 p e r c e n t  f o r  t h e  South A t l a n t i c  G u l f .  Ranked by t o t a l  energy con- 
sumed i n  1990, t h e r e  a r e  f i v e  r e g i o n s  w i t h  r e l a t i v e l y  h i g h  energy demand: t h e  
M i d - A t l a n t i c ,  Upper M i s s i s s i p p i ,  Ohio and Tennessee, South A t l a n t i c  G u l f ,  and 
Arkansas-White-Red Regions. The seven c o m p a r a t i v e l y  low-energy-use r e g i o n s  
a r e  Cal i f o r n i a ,  Lower M i s s i s s i p p i  , New England, P a c i f i c  Nor thwest ,  Grea t  
Basin,  and M i s s o u r i  Basin,  f o l l o w e d  by A laska  and Hawai i .  
N a t i o n a l  Energy Requirements f o r  Sewage Treatment i n P e r s p e c t i v e  
As d iscussed  i n  t h e  i n t r o d u c t i o n ,  one method o f  assess ing t h e  impor tance 
o f  t h e  change i n  energy r e q u i r e d  f o r  sewage t r e a t m e n t  i s  t o  cornpare i t  w i t h  
t h e  i n c r e a s e  i n  t h e  energy demanded over  a l l  consuming s e c t i o n s  o f  t h e  n a t i o n .  
Between 1977 and 1990, t h e  g rowth  r a t e  i n  n a t i o n a l  energy consumpt ion as e s t i -  
mated i n  t h e  Protject Independence r e p o r t 4  1 i e s  between 30 and 44 percen t ,  
depending on whether c o n d i t i o n s  o f  energy c o n s e r v a t i o n  o r  c o n d i t i o n s  o f  l e s s  
c o n s t r a i n e d  energy use a r e  assumed. As i n d i c a t e d  i n  Tab le  66, f o r  t h e  U n i t e d  
S t a t e s  as a  whole t h e  energy r e q u i r e d  f o r  sewage t r e a t m e n t  i s  expected t o  i n -  
c rease 109 p e r c e n t  between 1977 and 1990. T h i s  f i g u r e  i s  s i g n i f i c a n t l y  h i g h e r  
t h a n  t h e  h i g h  growth energy s c e n a r i o  t h a t  a n t i c i p a t e s  a  44 p e r c e n t  i n c r e a s e  i n  
n a t i o n a l  energy consumption d u r i n g  t h i s  p e r i o d .  I n  a l l  b u t  f o u r  o f  t h e  r e g i o n s  
cons idered,  t h e  percentage i n c r e a s e  i n  t h e  annual  energy requ i rernent  of 1990, 
as compared w i t h  t h a t  o f  1977, i s  even g r e a t e r  than  t h e  109 p e r c e n t  observed 
f o r  t h e  n a t i o n  as a  whole. Exc lud ing  A laska and Hawai i ,  t h e  h i g h e s t  percentage 
inc reases  i n  energy r e q u i r e d  f o r  sewage t r e a t m e n t  occur  i n  t h e  e a s t e r n  h a l f  of 
t h e  c o u n t r y - - t h e  Lower M i s s i s s i p p i  , M i d - A t l a n t i c ,  and New Engl and--a1 though 
Cal i f o r n i a  f o l  lows c l  ose behind.  These energy inc reases  a r e  a p p r o x i m a t e l y  
t h r e e  t imes  h i g h e r  t h a n  inc reases  a n t i c i p a t e d  f o r  t h e  n a t i o n  as a  whole. A t  
t h e  low end o f  t h e  sca le ,  r e g i o n s  i n c l u d i n g  t h e  M i s s o u r i  Basin,  Arkansas-White-  
Red, and South A t l a n t i c  G u l f  have energy requ i rements  i n c r e a s i n g  a p p r o x i m a t e l y  
one-and-a-ha1 f t imes  f a s t e r  than  t h e  n a t i o n a l  demand f o r  energy, even w i t h o u t  
a  program o f  n a t i o n a l  energy c o n s e r v a t i o n .  
A l though  t h e  r a t e  a t  which energy i s  be ing  demanded f o r  sewage t r e a t m e n t  
i s  i n c r e a s i n g  much f a s t e r  than  energy consumpt ion by t h e  n a t i o n  as a  whole, 
i t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  a  v e r y  sma l l  percentage o f  t h e  t o t a l  n a t i o n a l  
energy requ i rement  i s  a c t u a l l y  consumed i n  sewage t r e a t m e n t .  Tab le  67 g i v e s  
t h r e e  d i f f e r e n t  e s t i m a t e s  o f  t h e  n a t i o n a l  energy consumption i n  1977 and 1990. ' 
The energy requ i rement  f o r  sewage t r e a t m e n t  as c a l c u l a t e d  i n  t h i s  s t u d y  i s  
l e s s  t h a n  0.3 p e r c e n t  o f  t h e  n a t i o n a l  energy requ i rement  i n  b o t h  1977 and 1990 
under a1 1  t h r e e  e s t i m a t e s  o f  n a t i o n a l  energy consumpti on. 
A1 though t h e  impac t  o f  conserv ing  energy f o r  sewage t r e a t m e n t  w i  11 have 
a  r e l a t i v e l y  sma l l  e f f e c t  on t h e  n a t i o n a l  requ i rement  f o r  energy,  i t  i s  s t i l l  
a  r e l e v a n t  concern.  It i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  a f t e r  1990 t h e  energy 
requ i rements  f o r  sewage t r e a t m e n t  may e s c a l a t e  a t  an even f a s t e r  r a t e  as i n -  
c r e a s i n g l y  complex t e r t i a r y  systems become more w i d e l y  used. M i n i m i z i n g  t h e  
o p e r a t i n g  c o s t s  o f  sewage t r e a t m e n t  f a c i l i t i e s  and l i m i t i n g  new c a p i t a l  i n -  
vestment  w i  11 be a  m a t t e r  o f  extreme impor tance i n  most m u n i c i p a l  i t i e s .  
A d d i t i o n a l  a t t e n t i o n  shou ld  a l s o  be g i v e n  t o  ways o f  u t i l i z i n g  t h e  methane 
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p r e s e n t l y  p roduc ing  methane gas, t h i  s  p o t e n t i  a1 energy r esou rce  i s  f 1  a red  
r a t h e r  t han  used as f u e l  i n  t h e  t r ea tmen t  system. High cos t s  of p repa r i ng  
t h e  gas f o r  use a r e  an impo r tan t  f a c t o r ,  b u t  i n c r e a s i n g  a t t e n t i o n  i s  be ing 
g i ven  t o  use o f  manufactured methane f o r  h e a t i n g  t h e  d i g e s t e r s  o r  f o r  
gene ra t i on  o f  e l e c t r i c i t y .  
The impor tance o f  t h e  e s c a l a t i n g  energy requi rements  f o r  sewage t r e a t -  
ment has a l r e a d y  been acknowledged by t h e  USEPA. The agency i s  p r e s e n t l y  
des ign ing  a  new s e t  o f  g u i d e l i n e s  t o  be used by s t a t e  and f e d e r a l  r ev i ew  
boards charged w i t h  e v a l u a t i o n  o f  c o n s t r u c t i o n  g r a n t  p roposa ls .  Because of 
t h e  h i g h  c a p i t a l  c o s t  o f  new sewage t r ea tmen t  f a c i l i t i e s ,  most p l a n t s  a r e  
cons t ruc ted  o n l y  when f e d e r a l  ass i s t ance  becomes ava i  l a  b l  e. Review boards 
dec ide  which p roposa ls  w i l l  r e c e i v e  t h e  f i r s t  a v a i l a b l e  funds.  The new USEPA 
guide1 i n e s  w i l l  ensure t h a t  t h e  energy requi rements  o f  t r ea tmen t  a r e  g i v e n  
h i g h  p r i o r i t y  i n  e v a l u a t i o n  o f  t r ea tmen t  p roposa ls .  Several  a l t e r n a t i v e  
p lans  a r e  t o  be submi t ted  f o r  each new t r ea tmen t  s i t e  planned, and t he  energy 
requi rements  bo th  d i r e c t  ( e l e c t r i c i t y  and f o s s i l  f u e l  i n p u t s )  and i n d i r e c t  
(chemical  and o t h e r  m a t e r i a l  i n p u t s )  must be d e l i n e a t e d  f o r  a l l  o f  t h e  a l t e r -  
n a t i v e s  presented.  S e n s i t i v i t y  t o  t h e  energy requi rements  of sewage t r e a t -  
ment i s  we1 1  warranted because t he  v e r y  r a p i d  growth r a t e  i n  t h e  energy r e q u i r e d  
t o  ope ra te  sewage t rea tment  p l a n t s  ove r  t h e  n e x t  12 yea rs  may we1 1  be exceeded 
i n  t h e  subsequent decade, 
Th i s  w i d e l y  acknowledged growth i n  t h e  f u t u r e  energy requi rements  f o r  
sewage t r ea tmen t  has prompted many mun i c i pa l  sewage engineers  and o t h e r s  t o  
r a i s e  t h e  ques t i on  as t o  whether wa te r  q u a l i t y  i s  improved s u f f i c i e n t l y  t o  
j u s t i f y  t h e  h i g h  c a p i t a l  investment  and increased o p e r a t i n g  expenses t h a t  i n  
genera l  accompany rnore s t r i n g e n t  s tandards.  Many people  work ing  i n  t h i s  f i e l d  
t h i n k  t h a t  t h e  publ  i c y  w h i l e  des i rous  o f  ensur ing  t h e  s t a b i l i t y  of a q u a t i c  
h a b i t a t s  and p r o t e c t i n g  bo th  r e c r e a t i o n a l  areas and d r i n k i n g  s u p p l i e s  from 
ser ious ,  p o s s i b l y  i r r e v e r s i b l e  degradat ion,  has been t o o  zealous. Some obser-  
ve r s  f e e l  t h a t  t h e  publ  i c  i s  i g n o r a n t  o f  t h e  cos t s  measured i n  do1 l a r s ,  i n  
energy, and i n  t he  m a t e r i a l s  t h a t  many o f  t h e  new water  q u a l i t y  s tandards 
impose. I t  i s  specu la ted  t h a t  t h e r e  may even be a  r e v e r s a l  i n  p u b l i c  suppor t  
o f  wa te r  q u a l i t y  when i n c r e a s i n g  numbers o f  advanced t r ea tmen t  u n i t s  a r e  
b rough t  on l i n e  and when t he  f u l l  c o s t  o f  imposing s t r i n g e n t  s tandards i s  
borne by the taxpayers. These arguments can only be evaluated by comparing 
those costs with the total  social costs of their  a l ternat ives .  Resolution 
of the controversy over the adequacy of past, present, and proposed standards 
wi 11 require a precise accounting of the environmental and social benefits 
achieved through irr~posi tion of s t r i c t e r  standards as well as costs and bene- 
f i t s  achieved through imposition of s t r i c t e r  standards as well as costs and 
benefits of less  stringent water quality standards. While many factors enter 
into issues of environmental regulation, a more precise quantification of the 
gains in water quality and environmental preservation to be achieved with 
each increment of energy, material, and dollar inputs added i s  necessary i f  a 
judicious allocation of resources i s  to  be guaranteed. 
4 IRRIGATION 
Three i r r i g a t i o n  p r o j e c t s  a r e  examined i n  t h i s  chapter .  Because such 
l a r g e  q u a n t i t i e s  o f  water  a r e  necessary f o r  c rop  p roduc t ion ,  energy r e q u i r e -  
ments f o r  i r r i g a t i o n  a re  an impo r tan t  p a r t  o f  the  comprehensive energy r e -  
qu i rement  t o  supp ly  wate r  f o r  va r i ous  needs. I n  1970, 60 percen t  of f r esh  
water consumed i n  t he  U n i t e d  S ta tes  was used f o r  i r r i g a t i o n .  F igures  32 and 
33 i n d i c a t e  h i s t o r i c  wi thdrawal  and consumption, r e s p e c t i v e l y ,  o f  f r e s h  water 
i n  t h e  Uni t e d  S ta tes  . 
The i r r i g a t i o n  p r o j e c t s  chosen f o r  t h i s  s tudy  a re  l o c a t e d  i n  C a l i f o r n i a ,  
Texas, and Ar izona,  s t a t e s  t h a t  a re  major  i r r i g a t o r s  and a r e  supp l i ed  by a  
preponderance o f  groundwater r a t h e r  than su r f ace  water .  The f i r s t  i r r i g a t i o n  
area presented i s  l oca ted  i n  C a l i f o r n i a .  Th i s  s ta te ,  an impo r tan t  a g r i c u l -  
t u r a l  cen te r  f o r  t he  na t i on ,  wi thdraws more ground- and su r f ace  water  annua l l y  
than does any o t h e r  s t a t e  i n  t he  Union. I n  1970, C a l i f o r n i a  wi thdrew 48,000 
mgd, o r  13 percen t  o f  t he  n a t i o n a l  w i thdrawa ls  t o t a l  l i n g  370,000 mgd. 
Second t o  C a l i f o r n i a  was Texas, where 27,000 mgd, o r  7  percen t  o f  t h e  t o t a l  
n a t i o n a l  w i thdrawa ls ,  was used. With regard  t o  water  s p e c i f i c a l  l y  f o r  i r r i g a -  
t i o n ,  C a l i f o r n i a  i s  aga in  f a r  i n  t he  lead.  Table 68 l i s t s  w i thdrawa ls  of 
ground- and su r f ace  water f o r  use i n  i r r i g a t i o n  i n  1970 f o r  t h e  n a t i o n  as a  
whole and f o r  t he  f i v e  s t a t e s  t h a t  a r e  t he  major  cen te rs  o f  i r r i g a t i o n .  
The f o l l o w i n g  d i scuss ion  o f  i r r i g a t i o n  i n  Kern County, C a l i f o r n i a ,  i n  t h e  
High P l a i n s  o f  Texas, and i n  t he  San Car los  P r o j e c t  o f  Ar i zona  i s  in tended t o  
examine a  probable pathway t h a t  energy requi rements f o r  i r r i g a t i o n  may take.  
I n  each o f  t he  i r r i g a t i o n  p r o j e c t s  discussed, many simp1 i f y i  ng assumptions 
have been made i n  p r o j e c t i n g  p o s s i b l e  f u t u r e  energy requi rements.  Average 
depths t o  water  t a b l e  and average r a t e s  o f  d e c l i n e  i n  t he  water  t a b l e  have 
been used i n  a l l  t h e  c a l c u l a t i o n s .  These r a t e s  a re  he1 p f u l  i n  t r y i n g  t o  devel -  
op a  broad overv iew o f  t h e  areas s tud ied ,  b u t  t hey  mask l o c a l l y  impo r tan t  ex- 
tremes w i t h i n  an area. F l u c t u a t i o n s  i n  annual r a i n f a l l ,  i nc reases  and decreases 
i n  t he  cos ts  o f  i r r i g a t i o n ,  changes i n  t he  market  va lue  o f  crops, and t he  
a v a i l a b i  1  i ty and qua1 i t y  o f  su r f ace  and groundwater supp l i es  a l l  i n f l uence  t he  
f u t u r e  o f  i r r i g a t i o n  i n  these areas. T h i s  s tudy  does n o t  a t tempt  t o  a n t i c i p a t e  
Source: Federal Energy Administration Project Independence Blueprint, P i n u l  
Task Force Report, Water Requirements, Ava i lab i l i t i e s ,  Constraints, 
and Recommended Federal Actions. Nat ionw ide  P e r s p e c t i v e ,  P a r t  I I, 
1974. Prepared by t h e  Water Resources C o u n c i l ,  p. 15. 
F i g u r e  32. H i s t o r i c  w i t h d r a w a l  o f  w a t e r  f o r  m a j o r  uses. 
Other Self Supplied 
Industrial Use, 
Source: Federal Energy A h i n i s t r a t i o n  Project Independence Blueprint, Final 
Task Force Report, Water Requirements, Auai lab i l i t i e s ,  Constraints, 
and Recommended Federal Actions. Na t i  onwi de Perspec t i  ve, Part I I ,  
1974. Prepared by the Water Resources Council, p .  16. 
Figure 33. Historic consumption of water for  major uses. 
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Source: Murray, C. R., and Reeves, E. B. 1972. C i r c u l a r  676. U.S. Geological  Survey. 
a1 1  these v a r i a b l e s  i n  p r o j e c t i n g  f u t u r e  energy requ i rements ,  b u t  i n s t e a d  
r e l i e s  on h i s t o r i c  t r e n d s ,  wh ich may n o t  p e r s i s t  i n t o  t h e  f u t u r e .  The focus 
of  t h i s  r e p o r t  i s  on t h e  energy r e q u i r e d  t o  o b t a i n  ground- and s u r f a c e  w a t e r  
s u p p l i e s  frorn t h e i r  p h y s i c a l  env i ronment .  Changes i n  t h e  energy r e q u i r e d  t o  
o b t a i n  groundwater  a r e  c a l c u l a t e d  f rom p r o j e c t e d  d e c l i n e s  i n  t h e  w a t e r  t a b l e .  
The energy r e q u i r e d  t o  o b t a i n  s u r f a c e  s u p p l i e s  i s  based p r i m a r i l y  on t h e  
energy r e q u i r e d  t o  pump t h i s  wa te r  t o  a reas  o f  i r r i g a t i o n .  The energy r e -  
q u i r e d  t o  d r i l l  we1 l s ,  t o  b u i l d  conveyance systems, and t o  a p p l y  w a t e r  t o  t h e  
f i e l d s  has n o t  been i n c l u d e d .  
Many peop le  connected w i t h  t h e  i r r i g a t i o n  p r o j e c t s  d i scussed  he re  have 
shared t h e i r  e x p e r t i s e ,  t h e i r  o p i n i o n s ,  and t h e i r  d a t a  i n  h e l p i n g  t o  deve lop 
t h e  f o l l o w i n g  s c e n a r i o s .  Much o f  t h e  i n f o r m a t i o n  t h e y  have o f f e r e d ,  however, 
has been c a r e f u l l y  q u a l i f i e d  as a  " b e s t  guess" o r  a  " rough approx ima t ion "  o r  
a  " b a l l  p a r k  f i g u r e . "  The f o l l o w i n g  c a l c u l a t i o n s ,  t h e r e f o r e ,  a t t e m p t  t o  cap- 
t u r e  t h e  magnitude o f  t h e  change i n  t h e  energy r e q u i r e d  t o  o b t a i n  w a t e r  f o r  
i r r i g a t i o n .  The q u e s t i o n  asked i s  n o t  how much energy w i  11 be r e q u i r e d  by a  
s p e c i f i c  p r o j e c t  a t  a  s p e c i f i c  p o i n t  i n  t ime ,  b u t  whether i r r i g a t i o n  i n  t h e  
U n i t e d  S t a t e s ,  p a r t i c u l a r l y  i n  w a t e r - s h o r t  a reas o f  t h e  Southwest, w i l l  i n  t h e  
f u t u r e  r e q u i r e  a  s i g n i f i c a n t l y l a r g e r p o r t i o n  o f  domest ic  energy s u p p l i e s  t h a n  
t h e y  do a t  p r e s e n t .  Should t h i s  be t h e  case, a  v e r y  d e t a i l e d  and p r e c i s e  s t u d y  
o f  t h e  energy r e q u i r e d  f o r  a c q u i s i t i o n  o f  i r r i g a t i o n  w a t e r  i s  suggested as an 
a p p r o p r i a t e  c o n t r i b u t i o n  t o  an u n d e r s t a n d i n g  o f  t h e  energy needs and problems 
o f  t h e  f u t u r e .  
Kern County I r r i g a t i o n  Area 
Kern County, t h e  f i r s t  i r r i g a t i o n  p r o j e c t  c o n s i d e r e d  i n  t h i s  c h a p t e r ,  
l i e s  i n  t h e  San Joaqu in  V a l l e y ,  wh ich i s  p a r t  o f  t h e  C e n t r a l  V a l l e y  o f  C a l i -  
f o r n i a  ( see  F i g u r e  34) .  The C e n t r a l  V a l l e y  encompasses 37.8 p e r c e n t  o f  t h e  
l a n d  a rea  i n  C a l i f o r n i a  and r e c e i v e s  47.5 p e r c e n t  o f  t h e  s t a t e ' s  annual  r u n o f f  
of  63 b i l l i o n  g a l l o n s  d a i l y  (1895-1947 a ~ e r a g e ) . ~  I n  a d d i t i o n  t o  t h e  wa te r -  
s h o r t  San Joaqu in  V a l l e y ,  t h e  Sacramento V a l l e y ,  an a r e a  o f  w a t e r  s u r p l u s ,  and 
t h e  Upper Lake-Kel s e y v i  11 e  and Lower Lake-Middl  etown a reas  a r e  i n c l u d e d  i n  t h e  
C e n t r a l  V a l l e y .  The San Joaqu in  Val  l e y  has t h e  l a r g e s t  groundwater  pumpage of 
any v a l l  ey i n  t h e  U n i t e d  S t a t e s  and has e x t e n s i v e  groundwater  o v e r d r a f t ,  a  
c o n d i t i o n  i n  wh ich w i t h d r a w a l s  o f  w a t e r  exceed t h e  n a t u r a l  r a t e  o f  recharge,  
Figure 34. I r r i g a t e d  acreage i n  Kern County., Cal i fornia .  
r e s u l t i n g  i n  a  p e r s i s t e n t  d e c l i n e  i n  t h e  water t a b l e .  Water d e f i c i e n c y  i n  t he  
San Joaquin V a l l e y  e x i s t e d  as e a r l y  as 1921 and p rov ided  major  i n c e n t i v e  f o r  
t h e  S t a t e  Water P lan  and t he  Cent ra l  Val l e y  P r o j e c t .  The most impo r tan t  cash 
crops of  t h e  area a r e  c o t t o n  ($266,741,000 i n  1976), grapes ($1 20,010,000 i n  
1976), a1 f a l f a  hay ($61,305,000 i n  1976), and potatoes ($53,924,000 i n  1976) .7 
Other impo r tan t  crops i n c l u d e  c i t r u s  f r u i t ,  sugar beets,  wheat, and g r a i n  
sorghum. 
I Approx imate ly  t h r e e - f o u r t h s  o f  t h e  San Joaquin Val l e y  i s  u n d e r l a i n  by ! 
groundwater, b u t  o r ~ l y  o n e - t h i r d  o f  t h e  l a n d  a rea  o f  Kern County (approx imate ly  
3,000 sq m i )  i s  i nc l uded  i n  t h i s  groundwater bas in .  Groundwater i n  t h i s  area 
occurs i n  bo th  con f ined  and unconf ined a q u i f e r s .  The unconf ined aqu i f e r s  
l y i n g  nearer  t h e  land  su r f ace  p rov ide  t h e  more abundant water  supp ly  and occur 
under wa te r - t ab le  c o n d i t i o n s .  The con f ined  a q u i f e r s  l i e  400 t o  500 f t  beneath 
t h e  l and  sur face and do n o t  p r e s e n t l y  supp ly  a  s i g n i f i c a n t  p o r t i o n  of t h e  
groundwater used i n  t h e  area.  The amount o f  water  a v a i l a b l e  i n  these conf ined 
aqu i f e r s  i s  undetermi ned a1 though these reserves  a r e  thought  t o  be r e 1  a t i v e l y  
smal l .  
The energy requi rements o f  supp l y i ng  water  f o r  i r r i g a t i o n  presented i n  
t h i s  r e p o r t  a r e  based p r i m a r i l y  on t h e  energy necessary t o  pump water  from 
underground s to rage  o r  t o  u t i l i z e  the  su r f ace  water  supp l i es ,  which a r e  i n  l a r g e  
p a r t  impor ted  t o  t he  area.  Th is  s tudy neg lec t s  bo th  t h e  energy r e q u i r e d  f o r  
d r i l l  i n g  we1 1s (see Appendix 11)  and t h e  energy consumed i n  app l y i ng  water  t o  
t he  l a n d  through pressure d i s t r i b u t i o n  systems such as s p r i n k l e r  systems. 
These a d d i t i o n a l  energy requ i  rernents should be rough l y  s i m i l a r  year  t o  year  
even though more w e l l s  a r e  needed when groundwater i n  an area approaches de- 
p l e t i o n  and w e l l  y i e l d s  d e c l i n e .  D e l e t i o n  o f  these requi rements should n o t  
s i g n i f i c a n t l y  i n f l u e n c e  t he  magnitude o f  t he  change observed i n  t he  energy 
r e q u i r e d  between 1975 and 2000, a1 though t h e i r  i n c l u s i o n  i s  impo r tan t  f o r  an 
exac t  and extended s tudy  o f  energy requi rements f o r  i r r i g a t i o n .  
The energy-use scena r i o  developed here  begins w i t h  t h e  year  1975. The data 
presented i n  Table 69 f o r  t he  years 1975 t o  1977 were p rov ided  by t h e  Kern 
County Water Agency and es t imate  corlsumption o f  ground- and su r f ace  water f o r  
t h a t  pe r i od .  I n  1976 and 1977 severe d rought  c o n d i t i o n s  p r e v a i l e d  throughout  
Tab le  69 
Water Sources f o r  I r r i g a t i o n  i n  t h e  Kern County Groundwater Bas in  Area 
1975 1976 1977 
Source m i l  g a l  %total r r ~ i l  g a l  % t o t a l  m i l  g a l  % t o t a l  
Kern R i v e r  130,492 11.8 74,714 6.6 49,529 4  
Cal i f o r n i a  
Aqueduct 179,559 16.2 187,595 16.6 57,024 4.9 
F r i a n t - K e r n  
Canal 147,866 13.3 73,071 6.4  25,416 2.2 
E f f e c t i v e  
P r e c i p i t a t i o n  57,024 5.1 28,512 2.5  19,958 1.7 
Groundwater 
E x t r a c t i o n  594,503 53.6 768,129 67.9 1,001,480 86.8 
T o t a l  Supply 1,109,444 100.0 1,132,021 100.0 1,153,407 100.0.  
t h e  s t a t e  o f  C a l i f o r n i a ,  and a  ma jo r  i n c r e a s e  i n  t h e  r a t e  o f  groundwater w i t h -  
d rawa ls  occur red  t o  compensate f o r  reduced s u r f a c e  s u p p l i e s .  As ide  f rom pre-  
c i p i t a t i o n  i n  t h e  area, s u r f a c e  s u p p l i e s  come f rom t h r e e  main  sources:  t h e  
Kern R i v e r ,  t h e  C a l i f o r n i a  Aqueduct, and t h e  F r i a n t - K e r n  Canal. I n  1975 each 
of  t h e s e  sources s u p p l i e d  a p p r o x i m a t e l y  o n e - t h i r d  o f  t h e  t o t a l  s u r f a c e  supp ly .  
For  a l l  y e a r s  subsequent t o  1978 i t  i s  assumed t h a t  t h e  normal 1975 su r face  
wa te r  s u p p l i e s  and p r e c i p i a t i o n  w i l l  be a v a i l a b l e .  The w i n t e r  f l o o d  o f  1978 
i s  n o t  taken  i n t o  account  i n  t h i s  s tudy ,  so t h e  p r o j e c t e d  use o f  groundwater 
th rough  t h e  end o f  t h e  c e n t u r y  may be an upper bound i f  no s e r i o u s  d rough ts  
occur  i n  t h e  n e x t  20 t o  30 y e a r s .  I n e v i t a b l y  any p r o j e c t i o n  o f  t h e  energy r e -  
qu i rements  f o r  i r r i g a t i o n  i n c o r p o r a t e s  assumpt ions abou t  weather p a t t e r n s ,  
economic c o n d i t i o n s ,  and a g r i c u l t u r a l  p r a c t i c e s ,  any o f  which may q u i c k l y  
change, s e r i o u s l y  compromising t r e n d  l i n e  p r o j e c t i o n s .  The numbers presented 
i n  these  energy c a l c u l a t i o n s  t h e r e f o r e  a r e  in tended  t o  suggest a  p robab le  
e v o l u t i o n  o f  energy requ i rements  shou ld  h i s t o r i c  tendences p e r s i s t .  They 
shou ld  n o t  be t r e a t e d  as l i t e r a l  q u a n t i t a t i v e  p r e d i c t i o n s  o f  t h e  energy 
r e q u i  remen t s  . 
I n  a l l  b u t  extreme weather s i t u a t i o n s  t h e  amount o f  s u r f a c e  wa te r  a v a i l a -  
b l e  t o  Kern County annual l y  ( n o t  i n c l u d i n g  p r e c i p i t a t i o n )  i s  a  maximum o f  ap- 
p r o x i m a t e l y  652 x  l o 3  m i l  g a l  .' The s u r f a c e  wa te r  s u p p l y  o f  514,941 r r ~ i l  ga l  
( i n c l u d i n g  p r e c i p i t a t i o n )  p rov ided  i n  t h e  "normal"  yea r  o f  1975 i s  t r e a t e d  as 
t h e  f i x e d  sur face water  supp ly  f o r  a1 1  years  a f t e r  1978 and any a d d i t i o n a l  water  
requi rements  a r e  met  w i t h  groundwater. T h i s  assumed s u r f a c e  wate r  supp ly  i s  
about  21 pe rcen t  l e s s  than  t h e  approx imate maxilnur~i s u r f a c e  supp ly  a v a i l a b l e  t o  
t he  area (exc l ud ing  p r e c i p i t a t i o n ) .  Consequently, t h e  percentage o f  t o t a l  sup- 
p l y  ob ta ined  from groundwater tends t o  be an upper es t ima te  i n  p r o j e c t e d  years .  
The energy r e q u i r e d  t o  d e l i v e r  su r f ace  supp l i es  i s  based on a  ve r y  rough e s t i -  
mate p rov ided  by t h e  Kern County Water Agency o f  t h e  requi rements  o f  t h e  e l ec -  
t r i c a l  pumping system. The p r ima ry  energy requi l red t o  pump water  t o  Kern County 
from t h e  F r i an t -Ke rn  Canal and f rom t h e  C a l i f o r n i a  Aqueduct i s  es t imated  a t  
19,264 MJ/mi 1  ga l  .* D i s t r i b u t i o n  w i t h i n  Kern County r e q u i r e s  an a d d i t i o n a l  
10,910 MJ/mil ga l  and excludes t h e  energy needed t o  app l y  wa te r  t o  t he  f i e l d s .  
The energy requ i rement  ass igned t o  each o f  these  s u r f a c e  water  sources i s  p re -  
sented i n  Table  70, and t he  energy requ i rement  f o r  s u r f a c e  supp l i es  i s  assumed 
t o  be i n v a r i a n t  f rom 1978 t o  2000. 
For each y e a r  o f  t h i s  s tudy  an es t ima te  o f  t he  energy needed t o  o b t a i n  
grourldwater f o r  i r r i g a t i o n  i s  based on a  c o r r e l a t i o n  o f  groundwater w i thd rawa ls ,  
dep th  t o  wa te r  t a b l e ,  and average pumping e f f i c i e n c y .  Energy requi rements  f o r  
pumping a r e  determined from F igu re  35, p rov ided  by t h e  Kern Cour~ ty  Water Agency. 
C h a r a c t e r i s t i c  o f  Kern County i s  an e l e c t r i c a l  pumping system w i t h  an average 
e f f i c i e n c y  o f  60 percen t .  Th i s  e f f i c i e n c y  r ep resen t s  a  p r ima ry  energy r e q u i r e -  
ment o f  1.75 kwh's t o  l i f t  one a c r e  f t  o f  wa te r  one ft, which i s  e q u i v a l e n t  t o  . 
an energy requ i rement  o f  59.6 MJ needed t o  1  i f t  one m i l  g a l  one f t  i n  h e i g h t .  
Th is  energy requ i rement  f o r  groundwater pumping i s  used f o r  a l l  yea rs  cons idered 
i n  t h i s  Kern County s tudy.  
The p resen t  (1977) average depth t o  groundwater (182.5 f t )  i s  c a l c u l a t e d  
f rom a  con tour  map prepared by t he  Kern County Water Agency and reproduced i n  
F i g u r e  36. Th i s  depth,  however, i s  t h e  s t a t i c  water  l e v e l  and does n o t  a c c u r a t e l y  
* Jus t  p r i o r  t o  p u b l i c a t i o n  o f  t h i s  r e p o r t ,  a  Kern County o f f i c i a l  i n fo rmed t he  
au thors  t h a t  t h i s  s ta tement  i s  i n  e r r o r .  The F r i a n t - K e r n  Canal i s  g r a v i t y  fed 
and does n o t  r e q u i r e  pumping energy o f  19,264 MJ/mil g a l .  The s u r f a c e  energy 
requ i rement  presented i s  t h e r e f o r e  h i ghe r  than  i t  should  be. However, because 
t he  wate r  supp l i ed  by t h e  F r i an t -Ke rn  Canal i s  a  smal l  p a r t  o f  t h e  t o t a l  water  
requi rement ,  c o r r e c t i o r ~  o f  t h e  energy requ i rement  f o r  s u r f a c e  wate r  w i l l  de- 
crease o n l y  s l  i g h t l y  t h e  t o t a l  energy requ i rement .  
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K i l o w a t t  Hours p e r  Acre Foo t  pe r  Foo t  L i f t  
Graph p rov ided  cour tesy  o f  Kern County Water Agency. 
F i g u r e  35. R e l a t i o n s h i p  between o v e r a l l  p l a n t  e f f i c i e n c y  
and k i l o w a t t  hours  per  a c r e  f o o t  pe r  f o o t  l i f t. 
F igu re  36. Water l e v e l  con tours  i n  Kern County. 
Tab le  70 
Kern County I r r i g a t i o n  Pr imary Energy Requirements f o r  Sur face Water 
m i l  ga l  MJ/mi 1  ga l  T o t a l  Energy MJ x  l o 6  
Kern R i v e r  
C a l i f o r n i a  Aqueduct 
F r i an t -Ke rn  Canal 
P r e c i p i t a t i o n  
T o t a l  su r f ace  water  
Kern R i v e r  
C a l i f o r n i a  Aqueduct 
F r i a n t - K e r n  Canal 
P r e c i p i t a t i o n  
T o t a l  s u r f a c e  water  
1977 
Kern R i v e r  
Cal i f o r n i  a  Aqueduct 
F r i a n t - K e r n  Canal 
P rec i  p i a t i o n  
T o t a l  s u r f a c e  water  
r e p r e s e n t  t he  depth t o  wa te r  d u r i n g  t h e  i r r i g a t i o n  season.* Because w e l l s  a r e  
pe rvas i ve  th roughou t  t he  area, a  "cone o f  depress ion"  o r  drawdown o f  aoo rox i -  
ma te l y  100 ft occurs  when a1 1 w e l l s  a r e  sirnul taneous ly  i n  o p e r a t i o n  d u r i n g  t h e  
p l a n t i n g  seasons. There fo re  t h e  depth t o  water  f o r  1977 i s  c a l c u l a t e d  a t  
282.5 ft r a t h e r  t han  a t  t he  s t a t i c  l e v e l  o f  182.5 f t .  The average annual 
d e c l i n e  i n  t h e  wa te r  t a b l e  between 1965 and 1975 i s  approx imate ly  2.3 ft.' 
When t h e  more d r a s t i c  d e c l i n e s  o f  t h e  d rough t  years  (1976 and 1977) a r e  e s t i -  
mated and inc luded ,  t h e  average becomes a  3.8 f t  annual d e c l i n e  f o r  t he  years  
1965 t o  1977. For  t h e  years  1978 t o  1992 (a p e r i o d  o f  a g r i c u l t u r a l  expansion),  
dep th  t o  wa te r  t a b l e  i s  es t imated  us i ng  an annual d e c l i n e  o f  3 .8  ft. A f ~ e r  1993, 
however, t h e  demand f o r  wa te r  i s  r e l a t i v e l y  s t a b l e ,  and a  more moderate d e c l i n e  
*Depth t o  wa te r  t a b l e  i n  Kern County i s  approx in~a ted  by averag ing  v e r y  deep 
wate r  tab1 es w i t h  moderate ly  deep and v e r y  sha l low water  t a b l e s  e x i s t i  rig 
th roughou t  t h e  county.  As a  r e s u l t ,  t h i s  "average" dep th  may n o t  a c t u a l l y  
e x i s t  a t  any s p e c i f i c  l o c a t i o n  b u t  a f f o r d s  a  measure o f  water  t a b l e  depth 
t h a t  can be a p p l i e d  t o  t he  county  as a  whole. 
of 2.3 f t  a n n u a l l y  i s  used i n  t h e  w a t e r  t a b l e  c a l c u l a t i o n  between 1993 and 
2000, i n c l u s i v e .  The e s t i m a t e d  d e c l i n e  i n  t h e  wa te r  t a b l e  i s  presented 
g r a p h i c a l l y  i n  F i g u r e  37. 
Groundwater w i t h d r a w a l s  a r e  most e a s i l y  examined i n  f o u r  d i s t i n c t  t i m e  
p e r i o d s :  1975 t o  1977, 1978 t o  1988, 1989 t o  1992, and 1993 t o  2000. For  t h e  
y e a r s  1975 t o  1977, d a t a  were p r o v i d e d  by t h e  Kern County Water Agency and were 
p resen ted  i n  T a b l e  69. For  a1 1  subsequent y e a r s ,  p r o j e c t i o n s  have been made 
based on a d d i t i o n a l  i n f o r m a t i o n  a l s o  p r o v i d e d  by  t h e  Kern County Water Agency. 
Kern County p l a n n e r s  e s t i m a t e  t h a t  i n  each o f  t h e  y e a r s  between 1979 and 1988 
i n c l u s i v e  a p p r o x i m a t e l y  20,000 ac res  w i  11 be added t o  a g r i c u l t u r a l  p r o d u c t i o n  
if h i s t o r i c  t r e n d s  p e r s i s t .  Each a c r e  r e p r e s e n t s ,  c o n s e r v a t i v e l y ,  an annual  
w a t e r  r e q u i r e m e n t  o f  1.22 m i l  g a l ,  wh ich r e p r e s e n t s  a  t o t a l  i n c r e a s e  i n  t h e  
groundwater r e q u i r e m e n t  o f  24,374 m i l  g a l  i n  each o f  these y e a r s .  A f t e r  1989, 
v i r t u a l l y  a l l  o f  t h e  c h o i c e  l a n d  w i l l  have been drawn i n t o  p r o d u c t i o n ,  and i n  
subsequent y e a r s  a g r i c u l t u r a l  expans ion i s  expected t o  come p r i m a r i l y  from 
doub le  c r o p p i n g  r a t h e r  than  f rom i r r i g a t i n g  1  ess f e r t i  1  e  acreage.  Double 
c r o p p i n g  i s  accompl ished e i t h e r  by p l a n t i n g  a  second c r o p  between t h e  rows of  
t h e  f i r s t  c r o p  o r ,  more commonly, by h a r v e s t i n g  one c r o p  and then  p l a n t i n g  a  
second w i n t e r  season c r o p .  I n  b o t h  cases,  t h e  wa te r  r e q u i r e m e n t  f o r  d o u b l e  
c r o p p i n g  i s  a p p r o x i m a t e l y  1 .5  t imes  t h e  r e q u i r e m e n t  f o r  s i n g l e  c r o p p i n g ,  o r  
1.83 m i l  g a l / a c r e .  I n  each o f  t h e  y e a r s  between 1989 and 1992 i n c l u s i v e l y ,  i t  
i s  e s t i m a t e d  t h a t  d o u b l e  c r o p p i n g  w i l l  b e g i n  on 40,000 o f  t h e  ac res  under  
i r r i g a t i o n .  Under t h i s  assumpt ion,  by 1992, 200,000 a c r e s  w i l l  be doub le  
cropped, and a t  p r e s e n t  c r o p  p r i c e s  t h i s  acreage i s  t h e  maximum l i k e l y  t o  sus- 
t a i  n  d o u b l e  c r o p p i n g .  A f t e r  1992, then,  a  s t e a d y - s t a t e  c o n d i t i o n  i s  a n t i c i p a t e d  
i n  wh ich t h e  annual  w a t e r  r e q u i r e m e n t  o f  1992 (1,543,387 m i l  g a l  ) i s  assumed t o  
be v e r y  s i m i l a r  t o  t h e  r e q u i r e m e n t  i n  t h e  succeeding y e a r s  p r o j e c t e d .  A f t e r  
1992, t h e  w a t e r  t a b l e  i s  expected t o  c o n t i n u e  i t s  d e c l i n e ,  as w i t h d r a w a l s  w i l .1  
exceed recharge ,  b u t  i t  shou ld  d e c l i n e  a t  a  s lower  r a t e ,  a p p r o x i m a t e l y  2.3 f t  
a n n u a l l y  i n s t e a d  o f  t h e  3.8 f t  d e c l i n e  wh ich  c h a r a c t e r i z e s  e a r l i e r  y e a r s .  
P r o j e c t e d  and h i s t o r i c  w a t e r  use f o r  t h e  y e a r s  1975 t o  2000, as w e l l  as e s t i -  
mated d e p t h  t o  w a t e r  t a b l e ,  i s  p resen ted  i n  Tab le  71. Water w i t h d r a w a l s  a r e  
p resen ted  g r a p h i c a l l y  i n  F i g u r e  38. 
I n  t h e  p r o j e c t i o n s  o f  Tab le  71, one o t h e r  g e o l o g i c a l  c o n d i t i o n  i s  taken  
i n t o  account ,  t h a t  o f  t h e  groundwater q u a l i t y .  Accord ing  t o  a  s t u d y  by  M.  R .  

Table  71 
Kern County I r r i g a t i o n  
Primary Energy Requirements t o  Obtain Water 
Year Withdrawal s Decrease o r  Percen t  Avg. Depth Total  Energy MJ/mil gal  
mil gal  I nc r ea se  over  Ground- t o  Ground- t o  Obtain t o  Obtain 
Previous  Year wate r  wate r  ( f t )  Water Water 
mil gal  MJ x 106 
1975 
s u r f a c e  wate r  51 4941 
groundwater 594503 
t o t a l  wa te r  11 09444 
s u r f a c e  wate r  363892 -1 51049 
groundwater 7681 29 +I73626 68 
t o t a l  wa te r  11 32021 + 22577 
s u r f a c e  wate r  151 927 -21 1965 3028 19931 
groundwater 1001 480 +243351 8 7 282.2 16844 1681 9 
t o t a l  wa t e r  11 53407 + 21836 19872 17229 
s u r f a c e  wate r  2591 12 +113701 5688 21 952 
groundwater 91 8670 - 82810 7 8 286.0 15659 17045 
t o t a l  wa te r  1 1 77782 + 20891 21 347 181 25 
s u r f a c e  wate r  51 4941 +255829 11 304 21 952 
groundwater 68721 4 -231 456 57 289.8 11 870 17272 
t o t a l  wa t e r  12021 55 + 24373 231 74 19277 
Kern County I r r i g a t i o n  
Primary Energy Requirements t o  Obtain Water 
Year Withdrawals Decrease o r  Percent  Avg. Depth Total  Energy MJ/mil gal 
mil gal  Inc rease  over  Ground- t o  Ground- t o  Obtain t o  Obtain 
Previous Year water  water  ( f t )  Water Water 
mil gal MJ x 106 
1980 
s u r f a c e  water  
groundwater 
t o t a l  water  
1981 
s u r f a c e  water  
groundwater 
t o t a l  water  
1982 
s u r f a c e  water  
groundwater 
t o t a l  water  
s u r f a c e  water  
groundwater 
t o t a l  water  
1984 
s u r f a c e  water  
groundwater 
t o t a l  water  
Table 71--continued 
Kern County I r r i g a t i o n  
Primary Energy Requirements t o  Obtain Water 
Year Withdrawals Decrease o r  Percent Avg. Depth Total Energy MJ/mil gal 
mil gal Increase over Ground- t o  Ground- t o  Obtain t o  Obtain 
Previous Year water water ( f t )  Water Water 
mil gal MJ x 106 
su r face  water 
confined ground- 
unconfined ground- 
t o t a l  groundwater 
t o t a l  water 
1986 
surface  water 
confined ground- 
unconfined ground- 
t o t a l  groundwater 
t o t a l  water 
sur face  water 51 4941 11 304 21 952 
confined ground- 9749 450 26 1 26820 
unconfined ground- 872454 320.2 16650 19084 
t o t a l  groundwater 882203 + 24374 6 3 321.7 1691 1 191 69 
t o t a l  water 13971 44 + 24374 2821 5 201 95 
1988 
su r face  water 51 4941 11 304 21 952 
confined ground- 9749 450 261 26820 
unconfined ground- 896828 324 1731 8 1931 0 
t o t a l  groundwater 906577 + 24374 64 325.3 17579 19391 
t o t a l  water 1421 51 8 + 24374 28883 2031 8 
Tab 1 e 7 1 --continued 
Kern County I r r i g a t i o n  
Primary Energy Requirements t o  Obtain Water 
Year Withdrawals Decrease o r  Percent  Avg. Depth Tota l  Energy MJ/mil gal 
mil gal Inc rease  over  Ground- t o  Ground- t o  Obtain t o  Obtain 
Previous Year water  water  ( f t )  hlater Water 
mil gal MJ x l o6  
s u r f a c e  water  
confined ground- 
unconfined ground- 
t o t a l  groundwater 
t o t a l  water  
1990 
s u r f a c e  water  
confined ground- 
unconfined ground- 
t o t a l  groundwater 
t o t a l  water  
1991 
s u r f a c e  water  
confined ground- 
unconfined ground- 
t o t a l  groundwater 
t o t a l  water  
1992 
s u r f a c e  water  
confined ground- 
unconfined ground- 
t o t a l  groundwater 
t o t a l  water  
Kern County I r r i g a t i o n  
Pr imary Energy Requirements t o  Obta in  Water 
Year 
- - - 
Withdrawals Decrease  o r  P e r c e n t  Avg. Depth T o t a l  Energy MJ/mil ga l  
mil ga l  I n c r e a s e  o v e r  Ground- t o  Ground- t o  Obta in  t o  Obta in  
P r e v i o u s  Year w a t e r  w a t e r  ( f t )  Water Water 
mil ga l  MJ x 106 
1993 
s u r f a c e  w a t e r  
c o n f i n e d  ground- 
unconf ined ground- 
t o t a l  groundwater  
t o t a l  w a t e r  
1994 
s u r f a c e  w a t e r  
conf  i ned ground- 
unconf ined ground- 
t o t a l  groundwater  
t o t a l  w a t e r  
1995 
s u r f a c e  w a t e r  
c o n f i n e d  ground- 
unconf ined ground- 
t o t a l  groundwater  
t o t a l  w a t e r  
1996 
s u r f a c e  w a t e r  
c o n f i n e d  ground- 
unconf ined ground- 
t o t a l  groundwater  
t o t a l  w a t e r  
Table 71--continued 
Kern County I r r iga t ion  
Primary Energy Requirements t o  Obtain Water 
Year Withdrawals Decrease or Percent Avg. Depth Total Energy MJ/mil gal 
mil gal Increase over Ground- t o  Ground- t o  Obtain t o  Obtain 
Previous Year water water ( f t )  Water Water 
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t o t a l  water 
Projected Supply (lo9 gal lons) 
Rector ,  l o  approx imate ly  32,000 acres i n  the  groundwater b a s i n  area w i  11 have 
u n d e r l y i n g  groundwater of excess ive  s a l i n i t y  def ined as water  t h a t  measures 
g r e a t e r  than 3000 micromhos o f  e l e c t r i c a l  conductance. Once t he  unconf ined 
groundwater becomes t o o  s a l i n e  f o r  i r r i g a t i o n ,  t h e  farmer must d r i l l  t h e  add i -  
t i o n a l  foo tage  t o  t h e  deeper con f i ned  a q u i f e r  o r  choose i n s t e a d  t o  w i thd raw 
f i e l d s  f rom produc t ion .  The f a r m e r ' s  d e c i s i o n  w i l l  depend bo th  on t he  market  
v a l u e  o f  t h e  c rop  and on t h e  q u a n t i t y  o f  water  a v a i l a b l e  i n  t h e  con f ined  r e s -  
e r v o i r .  Beginn ing w i t h  t he  yea r  1985, when t h e  f i r s t  wa te r  s u p p l i e s  reach 
excess ive  s a l i n i t y ,  i t  i s  assumed t h a t  i n  a l l  cases t h e  farmer  chooses t o  
d r i l l  t h e  a d d i t i o n a l  foo tage  t o  reach t h e  con f i ned  a q u i f e r .  These con f ined  
a q u i f e r  sources a r e  es t imated  t o  l i e  a t  an average dep th  o f  450 ft and a r e  
g r a d u a l l y  phased i n  w i t h  t he  a d d i t i o n  o f  9,749 m i l  g a l  o f  con f i ned  groundwater 
every  f i v e  years  between 1985 and 2000, i n c l u s i v e .  
To c a l c u l a t e  t h e  energy r e q u i r e d  f o r  groundwater w i thd rawa ls ,  t h e  q u a n t i t y  
of wa te r  wi thdrawn i s  mu1 t i p 1  i e d  by t h e  depth t o  groundwater and then  by t he  
p r ima ry  energy r e q u i r e d  t o  l i f t  each m i l  ga l  one f o o t .  As d iscussed  e a r l i e r ,  
c a l c u l a t i o n  o f  t h e  energy r e q u i r e d  t o  o b t a i n  s u r f a c e  s u p p l i e s  i s  found i n  
Tab le  70. Table  71 p resen ts  combined s u r f a c e  and groundlqater da ta  f o r  t h e  
years  1975 t o  2000. I n d i c a t e d  i n  t h e  t a b l e  a r e  wa te r  w i t hd rawa l s  and t h e  p r i -  
rrlary energy r e q u i r e d  t o  o b t a i n  su r face ,  ground-, and combined water  supp l i es  
i n  each year .  A lso  c a l c u l a t e d  i s  t h e  p r ima ry  energy r e q u i r e d  pe r  m i l  ga l  of 
surface, ground-, and combined wate r  s u p p l i e s .  These r e s u l t s  a r e  dep i c t ed  i n  
F igures  39, 40, and 41. I n  Kern County, wa te r  f o r  i r r i g a t i o n  i s  s u p p l i e d  by 
e l e c t r i c a l  pumping u n i t s .  The p r ima ry  energy requ i rement  f o r  pumping has been 
c a l c u l a t e d  u s i n g  a  convers ion  f a c t o r  o f  11 .ll MJ/kwh. The d i r e c t  energy r e -  
qu i rement  f o r  supp l y i ng  wate r  can be c a l c u l a t e d  us i ng  a  convers ion  f a c t o r  of 
3.6 MJ/kwh, which rep resen t s  o n l y  t h e  usab le  energy o f  each kwh and exc ludes 
energy i n p u t s  f o r  e l e c t r i c a l  gene ra t i on  and t ransmiss ion .  A t  60 pe rcen t  
e f f i c i e n c y ,  t he  d i r e c t  energy r e q u i r e d  t o  l i f t  one m i l l i o n  g a l l o n s  one f o o t  
r e q u i r e s  approx imate ly  19 MJ. Tab le  72 p resen ts  t h e  percentage change i n  water  
wi thdrawn and energy r e q u i r e d  between 1975 and 2000. The t o t a l  energy r e q u i r e d  
t o  pump groundwater shows t he  g r e a t e s t  i n c rease  (142 pe rcen t )  over  t h i s  ~ e r i o d .  
Because t h e  energy requ i rement  f o r  s u r f a c e  s u p p l i e s  i s  assumed f i x e d  f o r  a l l  
years  a f t e r  1978, the  percentage change i n  t h e  t o t a l  energy r e q u i r e d  f o r  
combined s u p p l i e s  i s  cons ide rab l y  l e s s  (63  pe rcen t )  than  t h a t  observed f o r  
groundwater.  The 40 pe rcen t  i nc rease  i n  t h e  energy r e q u i r e d  pe r  m i l  ga l  o f  
Energy Required (MJ) 















































































Energy Required (MJ x lo9) 
Tab le  72 
Kern County I r r i g a t i o n  Changes i n  Water and Pr imary Energy Consumption 
Inc rease  
1975 2000 1975-2000 
Water Use 
Sur face  water  used ( m i l  ga l  ) 
Groundwater used ( m i l  ga l  ) 
Combined supp ly  used (mi 1  g a l )  
Average depth t o  wa te r  ( f t )  
Energy Use 
Sur face  water  (blJ x l o 6 )  
Groundwater (MJ x 1  O 6  ) 
Combined supp ly  (MJ x l o 6 )  
Sur face wate r  (MJ/mi 1  ga l  ) 
Groundwater (MJ/mi 1  ga l  ) 
Combined supp ly  (MJ/mi 1  ga l  ) 
groundwater ob ta ined  i n  2000 as cotrlpared w i t h  1975 corresponds t o  t h e  40 percen t  
i nc rease  i n  groundwater depth. The i nc rease  i n  t h e  energy r e q u i r e d  pe r  m i l  ga l  
f o r  t h e  combined supply,  however, i s  a  more moderate 17 percen t .  
A f t e r  t h e  yea r  2000 i t  i s  d i f f i c u l t  t o  p r o j e c t  t h e  energy requ i rement  f o r  
i r r i g a t i o n .  Each u n i t  o f  wa te r  wi thdrawn f rom ground s to rage  w i l l  r e q u i r e  a  
g r e a t e r  amount o f  energy un less a g r i c u l t u r e  i n  t h e  are2 i s  s i g n i f i c a n t l y  cu r -  
t a i l e d ,  a l l o w i n g  t h e  wate r  t a b l e  t o  recharge.  I n  some areas, t h e  unconf ined 
groundwater wi  11 be e n t i r e l y  dep le ted  a f t e r  2000, w h i l e  i n  o t h e r  areas s a l i n i t y  
problems w i l l  make t h i s  source unusable. 
Water s c a r c i t y  i n  t h i s  area may be met w i t h  any o f  severa l  s t r a t e g i e s .  
A t  p resen t ,  t h e  most remote p o s s i b i l i t y  i s  procurement o f  a d d i t i o n a l  wa te r  
s u p p l i e s  through d e s a l i n a t i o n  o r  i r r l po r ta t ion  o f  o t h e r  o u t s i d e  wate r  sources. 
Wi thou t  impor ted  water ,  some o f  t h e  Kern County acreage w i l l  p robab l y  be r e -  
moved f rom a g r i c u l t u r a l  p roduc t i on  a f t e r  t h e  y e a r  2000, b u t  t h i s  acreage w i l l  
be min imized i f  new methods o f  wa te r  conse rva t i on  a re  a p p l i e d .  A d d i t i o n a l l y ,  
salt-tolerant crops such as rice, grain, and sugar beets may be introduced t o  
extend the useful l i f e  of saline wells, and other crops requiring less water 
generally may be introduced. I n  Texas, for example, sunflowers are used t o  
produce vegetable oil instead of other oil-seed crops requiring more water. 
Some of the irrigation measures which might be introduced t o  conserve water 
include the following:12 
1 .  Application of water a t  primarily cri t ical  stages of development t o  
reduce the water requirement as much as 50 percent. The time a t  which 
water i s  applied i s  as important as the arnount used. 
2. Sprinkler systems t o  reduce water consumption. 
3 .  Conveyance piping t o  avoid water loss from seepage and evaporation. 
4. Drip and tr ickle systems t o  deliver water t o  the base of the plant. 
This method could save u p  t o  50 percent of the water conventionally 
applied. 
5. Subirrigation, in which perforated plastic pipes are laid beneath 
each crop row. 
6 .  Narrow row spacing t o  reduce the acreage under irrigation. 
7 .  Mulching and reduced t i l lage  t o  allow better infi l t rat ion of rainfall .  
8. Water harvesting often done by terracing t o  collect runoff from one 
area for reuse in another area. 
9.  Plant crop breeding t o  produce hybrid varieties with reduced water 
requirements . 
Measures such as these may significantly retard the rate a t  which energy re- 
qui rernents t o  obtain groundwater i ncrease, b u t  even wi t h  these rrleasures the 
withdrawals from ground storage will probably exceed recharge, the water table 
will drop, and increased energy will be required for pumping. Additional data 
are needed before the impact of these agricultural techniques can be quantified. 
Whether or no t  the total energy requirement in the area continues t o  increase 
depends u p o n  the number of acres farmed under conditions of rising irrigation 
costs . 
Irrigation in the High Plains of Texas 
The second irrigation area cor~sidered i s  i n  the high plains of Texas. 
The Texas high plains are part of the west central high plains of the United 
States, extending from Nebraska southward through a small portion of eastern 
Kansas and western Colorado and into the Texas Panhandle (see Figure 4 2 . )  
A t h i r d  o f  t h i s  p r o v i n c e  i s  i n  Nebraska, a f o u r t h  i n  Texas, and a 
s i x t h  i n  Kansas; t h e  remainder  i s  i n  Colorado,  New Mexico, Wyoming, 
South Dakota, and Oklahoma. 
Source: Lohman, S. W .  1953. "H igh  P l a i n s  o f  West-Centra l  U.S., General  
Aspects . " The Phgsical and Economic Foundation o f  Natural Resources, 
P a r t  I V Y  Chapter  4. Subsurface F a c i l i t i e s  o f  Water Management and 
P a t t e r n s  o f  Supply-Type Area S t u d i e s .  I n t e r i o r  and I n s u l a r  A f f a i r s  
Committee, House o f  Represen ta t i ves ,  U.S. Congress, p. 71. 
F i g u r e  42. The h i g h  p l a i n s  o f  t h e  w e s t - c e n t r a l  U n i t e d  S t a t e s .  
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H i g h  P l a i n s  Region o f  Texas 
Source: Texas Water Development Board. 1977. Continuing Water Resources 
Planning and Development for Texas-DRAFT. V01 1 ( o f  two) .  
Importance o f  Water t o  Texas, P a r t  111, p.  111-40. 
F i g u r e  43. The n o r t h e r n  and sou thern  h i g h  p l a i n s .  
Source: Texas Water Development Board. 1977. Continuing Water Resources Planning 
and Developnent for Taas-DRAFT. V01. 1 ( o f  two). Importance o f  Water 
t o  T a a s ,  P a r t  111, p. 111-7. 
F igure 44. Pr inc ipa l  i r r i g a t i o n  areas i n  Texas. 

remain f o r  use. l2 Together these reserves  comprise 70 pe rcen t  o f  t h e  water  
i n i t i a l l y  a v a i l a b l e .  P r o j e c t i o n s  by t h e  Texas Water Development Board, 
however, i n d i c a t e  t h a t  t h e  t o t a l  d e p l e t i o n  o f  t h e  groundwater sources a v a i l a b l e  
f o r  i r r i g a t i o n  i n  t h e  h i g h  p l a i n s  may occur  by 2040. l2 
Major  crops i n  t h e  n o r t h e r n  p l a i n s  i n c l u d e  corn,  wheat, and maize, w h i l e  
i n  t h e  sou thern  p l a i n s  co t t on ,  g r a i n  sorghum, wheat, and c o r n  predominate. 
Fo r  t h e  h i g h  p l a i n s  as a  whole, t h e  l a r g e s t  cash va lue  c r o p  o f  1972 was c o t t o n  
($389 x  106) ,  f o l l o w e d  by i r r i g a t e d  food  g r a i n s  ($195 x  l o 6 )  and feed  g r a i n s  
($306 x  106) .12  
To c a l c u l a t e  t h e  energy r e q u i r e d  h i s t o r i c a l l y  t o  o b t a i n  water  f o r  i r r i g a t i o n  
i n  t h e  h i g h  p l a i n s  and t o  p r o j e c t  f u t u r e  energy demands f o r  water ,  severa l  da ta  
sources a r e  combined. No a t t emp t  i s  made here t o  i n c l u d e  t h e  energy r e q u i r e d  t o  
d r i l l  i r r i g a t i o r ~  w e l l s  o r  t o  opera te  water  d i s t r i b u t i o n  systems i n  t h e  f i e l d s .  
Water w i thd rawa ls  f o r  1949 and 1955 a r e  es t imated  by t a k i n g  i r r i g a t e d  acreage 
from a  s tudy  by V .  T. C lover13  and mu1 t i p l y i n g  by an average (1948 t o  1960) wa te r  
requirernent per  a c r e  of 0.381 m i l  g a l .  For  t h e  years  1958, 1964, 1969, and 1974 
t h e  i r r i g a t e d  acreage and wate r  w i t hd rawa l s  a r e  taken f r om Repor t  196 by t h e  
Texas Water Development Board. '"or t h e  years  a f t e r  1974, p r o j e c t e d  f u t u r e  
demand f o r  i r r i g a t i o n  water  i s  taken  f rom t h e  1977 Water Resources Planning-- 
Draft of t h e  Texas Water Development Board.12 The p r o j e c t i o n s  con ta ined  i n  t h e  
d r a f t  copy a r e  based on h i s t o r i c  t rends  i n  water  use, on a v a i l a b i l i t y  of l and  
. 
f o r  i r r i g a t i o n ,  and on t h e  geo log i ca l  and h y d r o l o g i c  c h a r a c t e r i s t i c s  of t h e  
O g a l l a l a  A q u i f e r .  I t  i s  a l s o  assumed t h a t  water  beneath a  s e c t i o n  of l and  w i l l  
be used t o  i r r i g a t e  t h e  s p e c i f i c  sec t i on .  These p r o j e c t e d  numbers a r e  t e n t a t i v e  
and have n o t  y e t  been c l e a r e d  f o r  f i n a l  p u b l i c a t i o n ,  b u t  g i v e  a  reasonable  
es t ima te  o f  condi  t i o n s  t h a t  wi  11 p reva i  1  b a r r i  ng ma jo r  economic o r  a g r i c u l  t u r a l  
changes i n  t h e  area.  These p r o j e c t i o n s  i n d i c a t e  t h a t  by 2030 approx imate ly  
20 x  l o 6  m i l  g a l  o f  r ecove rab le  groundwater w i l l  remain i n  t h e  n o r t h e r n  h i g h  
p l a i n s  and t h a t  t h e  acreage under i r r i g a t i o n  w i l l  d e c l i n e  f rom 1.3 x  l o 6  ac res  
i n  1974 t o  1 .0  x  l o 6  ac res  i n  2030. I n  t h e  southern h i g h  p l a i n s ,  p r o j e c t i o n s  
i n d i c a t e  t h a t  o n l y  5  x  l o 6  m i l  g a l  w i l l  remain f o r  use i n  2030 and t h a t  acreage 
under i r r i g a t i o n  w i l l  d e c l i n e  f rom 4.5 x  l o 6  acres i n  1974 t o  1.0 x  l o 6  acres 
i n  2030. T h i s  decrease represen ts  an o v e r a l l  d e c l i n e  i n  i r r i g a t e d  acreage of 
66 percen t .  Tab le  73 p resen ts  es t imated  acreage under i r r i g a t i o n  and wate r  
w i thd rawa ls  f o r  each yea r  cons idered i n  t h i s  h i g h  p l a i n s  s tudy .  
Table 73 
High P l a i n s  Water Wi thdrawals  and 
Pr imary  Energy Consumption f o r  I r r i g a t i o n  
Average 
lo6 m i l  Depth t o  MJ/mil g a l /  To ta l  Energy MJ/ lo6 Acres 





































*HP = High P l a i n s  
*NHP = Nor thern  High P l a i n s  
*SHP = Southern H igh  P l a i n s  
An assessment o f  t h e  energy r e q u i r e d  t o  o b t a i n  these w i t hd rawa l s  r e q u i r e s  
two a d d i t i o n a l  p ieces  o f  i n f o rma t i on .  F i r s t ,  depth t o  wa te r  t a b l e  must be 
determined and second pumping e f f i c i e n c i e s  must be cons idered.  The p resen t  
average wa te r - t ab l e  l e v e l s  o f  250 f t  i n  t h e  n o r t h e r n  h i g h  p l a i n s  and 150 ft 
i n  the  sou thern  h i g h  p l a i n s  were re1  u c t a n t l y  suggested by i r r i g a t i o n  spec i  a1 i s t s  
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Acres Irrigated x 106 
energy requ i rement  i s  used i n  Table  73 t o  c a l c u l a t e  t h e  energy requ i rement  f o r  
pumping th rough  1969. I n  1974 t h e  p r e s e n t  d i s t r i b u t i o n  o f  pump types,  i .e. , 
67 p e r c e n t  n a t u r a l  gas (and o t h e r )  and 33 p e r c e n t  e l e c t r i c a l ,  i s  used t o  
determine a  weighted average equal  t o  t h e  energy requ i rement  pe r  f o o t  l i f t  i n  
1974. Assurr~ing t h a t  n a t u r a l  gas pumps r e q u i r e  117 MJ/mi l  g a l l f t  1  i f t  and t h a t  
e l e c t r i c a l  pumps a t  60 p e r c e n t  e f f i c i e n c y  r e q u i r e  60 MJ/mi l  g a l / f t  l i f t  
( p r i m a r y  energy) ,  t h e  1974 we igh ted  average i s  98 MJ/mil g a l l f t  l i f t .  T h i s  
v a l u e  i s  used f o r  t h e  1974 and 1980 c a l c u l a t i o n  i n  Table  73. For  1990 ano ther  
weighted average i s  taken. I n  t h i s  y e a r ,  i t  i s  assumed t h a t  60 p e r c e n t  n a t u r a l  
gas (and o t h e r )  purrips a r e  used and have an improved e f f i c i e n c y  o f  15 p e r c e n t .  
These pumps now r e q u i r e  99 MJ/mi l  g a l l f t  1  i f t .  The e l e c t r i c a l  pumps, which 
r e p r e s e n t  40 p e r c e n t  o f  the  t o t a l ,  a r e  e s t i m a t e d  a t  t h e  sarrie 60 ~ e r c e n t  e f f i -  
c iency ,  and t h e  weighted average f o r  1990 i s  83 r l J /m i l  g a l / f t  l i f t .  For  t h e  
y e a r  2000 and those  f o l  l ow ing ,  even b e t t e r  e f f i c i e n c i e s  a r e  expected.  Because 
Texas has long- te rm n a t u r a l  gas c o n t r a c t s  w i t h  o t h e r  p a r t s  o f  t h e  c o u n t r y ,  and 
because these c o n t r a c t s  t a k e  p r i o r i t y  over  Texas consurriers, i t  i s  p o s s i b l e  
t h a t  e l e c t r i c a l  pumping w i  11 d r a m a t i c a l l y  i n c r e a s e  i n  f u t u r e  y e a r s .  Conse- 
q u e n t l y ,  f o r  2000 and l a t e r  y e a r s ,  an energy requ i rement  o f  60 MJ/mi l  g a l l f t  
l i f t  i s  assumed. I t  shou ld  be no ted  t h a t ,  even t a k i n q  i n t o  account  t h e  p r i m a r y  
energy of e l e c t r i c i t y ,  i t  i s  s t i l l  more e f f i c i e n t  t o  r e p l a c e  p r e s e n t  low-  
e f f i c i e n c y  f o s s i  1  f u e l  pumps ef i  t h  e l e c t r i c  u n i t s .  
Mu1 t i p l y i n g  m i  1  g a l  o f  wa te r  w i thdrawn x  depth  t o  wa te r  x  M J / m i l  g a l l f t  
l i f t  g i v e s  a  c a l c u l a t i o n  o f  t h e  t o t a l  energy r e q u i r e d  f o r  i r r i g a t i o n  i n  any 
g i v e n  y e a r .  Tab le  73 p resen ts  b o t h  t h e  t o t a l  p r i m a r y  energy requ i rement  and 
t h e  p r i m a r y  energy requ i rement  p e r  m i l  g a l  (dep th  t o  w a t e r  x  MJ/mi l  g a l / f t  l i f t ) .  
O f  t h e  y e a r s  f o r  which s p e c i f i c  d a t a  a r e  presented,  t h e  t o t a l  p r i m a r y  energy 
requ i rement  f o r  t h e  h i g h  p l a i n s  i s  g r e a t e s t  i n  1974. For  t h e  n o r t h e r n  h i g h  
p l a i n s  t h e  t o t a l  energy requ i rement  i n  1974 i s  a l s o  g r e a t e s t ,  w h i l e  f o r  t h e  
sou thern  h i g h  p l  a i  ris t h e  g r e a t e s t  t o t a l  energy requ i rement  occur red  i n  1964, 
r e f l e c t i n g  t h e  f a c t  t h a t  i r r i g a t i o n  was f i r s t  i n t r o d u c e d  i n  t h e  sou thern  h i g h  
p l a i n s  and began d e c l i n i n g  e a r l i e r  than  i n  t h e  n o r t h .  I t  m i g h t  be t h a t ,  i f  
da ta  were a v a i l a b l e  f o r  t h e  h i g h  p l a i n s  i n  1975 and 1976, these y e a r s  would 
have an even h i g h e r  t o t a l  energy demand, b u t  t h e  i m p o r t  o f  t h e  t i m e  p r o f i l e  
i s  c l e a r .  A  comb ina t ion  o f  reduced acreage under i r r i g a t i o n  and improved 
pumping e f f i c i e n c i e s  w i l l  i n e v i t a b l y  cause a  dec l  i n e  i n  t h e  t o t a l  energy 
required unless crop prices increase radical ly and increased costs of i r r iga-  
tion can be met by a larger percentage of farmers in the area. The data in 
Table 74 indicate that  between 1974 and 2030 the total  primary energy require- 
ment should decline about 69 percent for the high plains as a whole. In the 
southern high plains the requirement in 2030 will be 82 percent lower than in 
1974. For the northern high plains a 42 percent decline in total  energy will 
occur between 1 974 and 2030. 
Table 74 
High Plains Irrigation Changes in Water and Primary Energy Consumption 
1974 2030 Change over 1975 
Water Use (mil gal x l o 6 )  
High Plains 
Northern High Plains 
Southern High Plains 
Depth to Water ( f t )  
High Plains 
Northern High Plains 
Southern High Plains 
h e r g y  Use (Total MJ x l o 6 )  
High Plains 
Northern High Plains 




Northern High Plains 
Southern High Plains 
The same trends do not ex is t  for  the energy required per mil gal (a lso 
presented in Table 74).  In the southern high plains the energy required per 
mil gal of water has increased 13 percent between 1974 and 2030, while i t  has 
actually decreased 9 percent in the northern plains. This r e su l t  occurs be- 
cause the water table in the north i s  approximately 100 f t  lower than in the 
south. Consequently, improvements in pumping efficiency have a greater e f fec t  
in the north than in the south. For the high plains as a whole, the energy 
required to obtain each mil gal of water for  i r r igat ion increases 17 percent, 
which exceeds t h e  change i n  t h e  southern h i g h  p l a i n s  and t h e  no r the rn  h i g h  
p l a i n s  because a  weighted average of t h e  wa te r - t ab le  depth f o r  t h e  h i g h  p l a i n s  
as a  whole g ives  an inc rease  of 149 ft between 1974 and 2030. Th i s  inc rease  
i s  s i g n i f i c a n t l y  g r e a t e r  than t he  change o f  117 f t  i n  t h e  wate r  t a b l e  f o r  t h e  
no r the rn  and southern h i g h  p l a i n s .  The t o t a l  energy requi rement  i n  t he  h i g h  
p l a i r ~ s  i s  presented g r a p h i c a l l y  f o r  t h e  years between 1949 and 2030 i n  F igu re  
47. F i gu re  48 represen ts  energy r e q u i r e d  pe r  m i  1  ga l  pumped f o r  t h i s  same 
t ime  pe r i od .  
Desp i te  ga ins  made frorn i nc reas ing  pu~npi r ~ g  e f f i c i e n c y  , more energy wi 1  1  
be r e q u i r e d  i n  t he  h i g h  p l a i n s  pe r  u n i t  of water  used f o r  i r r i g a t i o n  i n  t he  
f u tu re .  Lowering o f  t he  water  t a b l e  and r i s i n g  energy p r i c e s  o f  r e c e n t  years  
have r e s u l t e d  i n  s t e e p l y  r i s i n g  cos t s  of i r r i g a t i o n .  As a  r e s u l t  much research 
i n  t he  h i g h  p l a i n s  i s  be ing devoted t o  development of i r r~proved a g r i c u l t u r a l  
techniques which inc rease  t he  e f f i c i e n c y  w i t h  which wate r  i s  used f o r  i r r i g a -  
t i o n .  Another prominent area o f  research  i s  development o f  h y b r i d  c rop  
v a r i e t i e s  which r e q u i r e  l e s s  water o r  have prolonged development so t h a t  n a t u r a l  
p r e c i p i t a t i o n  can be more e f f i c i e n t l y  u t i  1  i zed .  For i r r i g a t e d  acreage t h a t  
i s  o n l y  m a r g i n a l l y  p r o f i t a b l e ,  a  movement f rom i r r i g a t i o n  t o  d r y l and  a g r i c u l -  
t u r e  i s  under way. I n  d r y l and  fa rming  o n l y  a  p o r t i o n  o f  t h e  acreage i s  used 
t o  grow feed  crops f o r  c a t t l e  t h a t  roam t h e  remain ing untended acreage. Th is  
t r e n d  f i r s t  gained niomenturr~ i n  t he  1960s, when depressed c o t t o n  and wheat 
p r i c e s  caused farmers t o  d i v e r s i f y .  l 0  C a t t l e  were an a t t r a c t i v e  p o s s i b i l i t y  ' 
because g r a i n  sorghum grown i n  t h e  area i s  i d e a l  c a t t l e  feed and bee f  p r i c e s  
were more s t a b l e .  Dry land fa rming  may form t h e  economic base f o r  t he  h i g h  
p l a i n s  o f  t h e  f u t u r e  if water supp l i es  t o  t he  area a r e  n o t  somehow increased.  
Widespread removal o f  acreage f rom i r r i g a t i o n ,  however, has se r i ous  i m p l i -  
c a t i o n s  f o r  t he  present-day agr ibus iness  economy o f  Texas as w e l l  as f o r  pro-  
duce a v a i l a b i l i t y  throughout  t he  n a t i o n  and p o s s i b l y  t h e  wor ld .  As a  r e s u l t ,  
severa l  wa te r  i m p o r t a t i o n  proposals  have been d e v e l o ~ e d  i n  an e f f o r t  t o  main- 
t a i n  and even i nc rease  p resen t  l e v e l s  o f  i r r i g a t i o n  i n  t he  h i g h  p l a i n s .  Any 
i m p o r t a t i o n  scheme would be a  ma jo r  p r o j e c t  r e q u i r i n g  f e d e r a l  funds f o r  corn- 
p l e t i o n .  The o f f i c i a l  proposal  by t he  s t a t e  o f  Texas has been prepared by 
t he  Texas Water Development Board and i s  p r e s e n t l y  undergoing r e v i s i o n ,  a l -  
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t h e  w a t e r  p l a n  p resen ted  i n  t h e  1968 summary.lg T h i s  p l a n  i s  by  no means a  
r e a l i t y .  I t  may be r e j e c t e d  a l t o g e t h e r ,  r e v i s e d ,  o r  r e p l a c e d  w i t h  o t h e r  
a l t e r n a t i v e s .  I t  i s  d i scussed  h e r e  o n l y  as  an exarnple o f  t h e  k i n d s  o f  changes 
t h a t  c o u l d  o c c u r  i n  t h e  f u t u r e  energy  r e q u i r e m e n t s  f o r  i r r i g a t i o n  i n  t h e  h i g h  
p l  a i  ns . 
The t h r e e  m a i n  p a r t s  o f  t h e  1968 w a t e r  p l a n  a r e  t h e  Trans-Texas D i v i s i o n ,  
t h e  Coas ta l  D i v i s i o n ,  and t h e  Eas te rn  G i v i s i o n  (see F i g u r e  49 ) .  The E a s t e r n  
D i v i s i o n  i s  des igned  t o  d e l i v e r  o u t - o f - s t a t e  i m p o r t s  t o  t h e  Trans-Texas and 
Coas ta l  D i v i s i o n s .  The Coas ta l  D i v i s i o n  w i l l  send w a t e r  t o  t h e  W i n t e r  Garden 
a rea  o f  Texas as w e l l  as t o  t h e  Guadalupe and San A n t o n i o  R i v e r  Bas ins .  The 
Trans-Texas Canal i s  des igned t o  t r a n s p o r t  b o t h  i m p o r t e d  w a t e r  and excess s u p p l y  
f r o m  t h e  m a j o r  r i v e r s  o f  Eas te rn  Texas (Lower Red, Su lphur ,  Cypress Creek, 
Neches, and Sab ine R i v e r s )  t o  w e s t e r n  Texas and New Mex ico .  The Trans-Texas . 
Canal would s e r v e  n o r t h - c e n t r a l  Texas, t h e  h i g h  p l a i n s ,  t h e  Trans-Pecos a rea ,  
and New Mex ico .  A p p r o x i r l ~ a t e l y  3.3 x  106 m i l  g a l l y e a r  w i l l  be t r a n s p o r t e d  
t h r o u g h  t h e  c a n a l ,  and o f  t h i s  t o t a l  2.5 x  106 m i l  g a l  a r e  i n t e n d e d  f o r  i r r i g a -  
t i o n .  The c a n a l ,  f e d  by  r e s e r v o i r s  i n  n o r t h e a s t  Texas, would b e g i n  a t  t h e  
upper  S u l p h u r  R i v e r  B a s i n  d i v i d e  and t r a v e l  t h e  e n t i r e  w i d t h  o f  Texas. Water 
d e s t i n e d  f o r  t h e  h i g h  p l a i n s  wou ld  be s t o r e d  i n  t h e  Caprock R e s e r v o i r  and B u l l  
Lake Complex, i d e n t i f i e d  i n  F i g u r e  49. Water t r a v e l  1  i ng t o  t h e s e  s t o r a g e  
p o i n t s  w i l l  be  l i f t e d  a  t o t a l  o f  2700 ft, and t h e  system o p e r a t i n g  a t  f u l l  
c a p a c i t y  i s  e s t i m a t e d  t o  r e q u i r e  a p p r o x i m a t e l y  1333 x  l o 6  MJ d a i l y .  T h i s  
ene rgy  r e q u i r e m e n t ,  d i v i d e d  by t h e  d a i l y  d e s i g n  c a p a c i t y  o f  t h e  system (8958 
m i l  g a l  ) ,  g i v e s  an approx ima te  energy  r e q u i r e m e n t  o f  148,805 MJ/mi 1  g a l  t r a n s -  
p o r t e d  ac ross  Texas t o  t h e  Caprock and B u l l  Lake R e s e r v o i r s .  
No f i n a l  d e c i s i o n  has y e t  been made r e g a r d i n g  t h e  b e s t  a rea  f r o m  which t o  
draw o u t - o f - s t a t e  s u p p l i e s .  One p o s s i b i l i t y  m i g h t  be t o  t a k e  w a t e r  f r o m  t h e  
Arkansas R i v e r  t h r o u g h  Oklahoma. Ano the r  s u g g e s t i o n  i s  t o  c a r r y  w a t e r  f r o m  
t h e  M i s s i s s i p p i  R i v e r  v i a  t h e  Red R i v e r  t o  t h e  Texas Panhandle, and a  t h i r d  
p o s s i b i l i t y  wou ld  be t o  t a k e  w a t e r  frorn t h e  F .1 iss iss ipp i  R i v e r  a c r o s s  L o u i s i a n a  
t o  e a s t e r n  Texas. The l a t t e r  p o s s i b i l i t y  i s  p a r t i c u l a r l y  a t t r a c t i v e  because 
w a t e r  i s  g e n e r a l l y  more a v a i l a b l e  a t  l o w e r  p o i n t s  o f  e l e v a t i o n  and m i n i m i z e s  
foo t -head l o s s .  A  v e r y  rough  e s t i m a t e  o f  t h e  energy  r e q u i r e d  t o  move w a t e r  
from L o u i s i a n a  t o  Texas i s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i r l g  assumpt ions .  F i r s t ,  

i t  i s  assumed t h a t  t h e  impor ted  w a t e r  i s  t r a n s p o r t e d  a b o u t  150 mi a c r o s s  t h e  
n o r t h e r n  b o r d e r  o f  L o u i s i a n a  t o  Texas a t  an average head l o s s  o f  0.3 f t  p e r  
cana l  m i l e ,  and over  a  2 0 0 - f t  i n c r e a s e  i n  e l e v a t i o n .  Second, i t  i s  assumed 
t h a t  e l e c t r i c a l  pumps a r e  used w i t h  a  65 p e r c e n t  e f f i c i e n c y  (53 M J I m i l  g a l l  
f t  l o s s ) .  Mu1 t i p l y i n g  t h e  d i s t a n c e  t r a n s p o r t e d  t imes  t h e  head l o s s  and 
t h e n  add ing  t o  t h i s  p r o d u c t  t h e  r i s e  i n  e l e v a t i o n  g i v e s  a  t o t a l  head l o s s  of  
245 ft. Head l o s s  r r ~ u l t i p l i e d  by t h e  energy r e q u i r e m e n t  pe r  f o o t  l i f t  g i v e s  
an approx ima te  energy r e q u i r e m e n t  o f  12,985 PIJ f o r  each m i l  g a l  o f  w a t e r  
i m p o r t e d  t o  Texas. 
Add ing t h e  energy r e q u i  rernent o f  i m p o r t a t i o n ,  t r a n s p o r t a t i o n  a c r o s s  
Texas and d i s t r i b u t i o n  w i t h i n  t h e  h i g h  p l a i n s  g i v e s  a  t o t a l  energy r e q u i r e m e n t  
o f  162,585 MJ f o r  each m i l  g a l  moved f rom o u t  o f  s t a t e  t o  i r r i g a t i o n  i n  t h e  
h i g h  p l a i n s .  
I m p o r t a t i o n  f r o m  L o u i s i a n a  12,985 MJImi 1  g a l  
T r a n s p o r t  across Texas 148,805 ~ J l m i  1  g a l  
D i s t r i b u t i o n  i n  h i g h  p l a i n s  795 M J I m i l  a a l  
T o t a l  p r i m a r y  energy r e q u i r e m e n t  162,585 M J I m i l  g a l  
T h i s  energy r e q u i r e d  t o  i m p o r t  each u n i t  o f  wa te r  t o  t h e  h i g h  p l a i n s  i s  
abou t  10 t imes  h i g h e r  than t h e  1974 energy r e q u i r e m e n t  f o r  pumping groundwater 
i n  t h e  h i g h  p l a i n s  (15,869 MJIrni l  g a l ) .  The p r o j e c t e d  energy r e q u i r e m e n t  of 
2030, 18,637 MJIrni 1  g a l  pumped, i s  l o w e r  by a  f a c t o r  o f  n i n e  t h a n  t h e  energy 
r e q u i r e m e n t  f o r  use o f  o u t - o f - s t a t e  w a t e r .  
Because a  p r o j e c t  of  t h i s  r r~agn i tude c o u l d  t a k e  t w e n t y - f i v e  y e a r s  o r  more 
f o r  c o m p l e t i o n  and because no s p e c i f i c  p l a n  has t o  d a t e  been approved, w a t e r  
i m p o r t a t i o n  i s  n o t  l i k e l y  t o  occur  b e f o r e  2010 a t  t h e  e a r l i e s t .  Texas p lanners ,  
however, f e e l  c o n f i d e n t  t h a t  some source  o f  impor ted  wa te r  w i l l  be a v a i l a b l e  f o r  
use i n  t h e  h i g h  p l a i n s  b e f o r e  2040, when t o t a l  d e p l e t i o n  o f  groundwater  f ~ r  
i r r i g a t i o n  i s  l i k e l y .  The energy requ i rements  p resen ted  i n  Tab le  73 w i l l  
s i g n i f i c a n t l y  underes t ima te  t h e  energy requ i rements  f o r  any y e a r  i n  wh ich wa te r  
i m p o r t a t i o n  becomes a  r e a l i t y .  
W h i l e  t h e  energy requ i rements  o f  wa te r -supp ly  schemes a r e  i m p o r t a n t  t o  
c o n s i d e r  i n  choos ing among compet ing a l t e r n a t i v e s ,  t h e y  a r e  by no means t h e  
o n l y  o r  even t h e  most  r e l e v a n t  c r i t e r i o n  by  which c h o i c e s  s h o u l d  be made. 
Economic o b j e c t i  ves , s o c i a l  b e n e f i t s  , p r o t e c t i o n  o f  f o o d  supp l  i e s  , c a p i t a l  
c o s t s ,  and many o t h e r  f a c t o r s  shou ld  be f i t  i n t o  a  c a l c u l a t i o n  o f  t h e  t o t a l  
s o c i a l  c o s t s  and t o t a l  s o c i a l  b e n e f i t s  t o  be d e r i v e d  f r o m  any of t h e  p l a n s  
des igned t o  i n c r e a s e  w a t e r  a v a i l a b i l i t y  i n  t h e  a rea .  
Sar~ C a r l o s  I r r i g a t i o n  P r o j e c t  
The San C a r l o s  I r r i g a t i o n  P r o j e c t ,  wh ich i s  opera ted  and m a i n t a i n e d  by  
t h e  Bureau o f  I n d i a n  A f f a i r s  o f  t h e  U.S. Department o f  t h e  I n t e r i o r ,  i s  l o c a t e d  
near  Cool idge,  A r i zona ,  i n  t h e  Casa Grande V a l l e y .  C o o l i d g e  i s  i n  P i n a l  County 
and i s  l o c a t e d  a p p r o x i m a t e l y  56 mi s o u t h e a s t  o f  Phoenix and 68 mi n o r t h w e s t  of  
Tucson. The G i l a  R i v e r ,  t h e  m a j o r  source  o f  w a t e r  i n  t h e  area,  f l o w s  d i r e c t l y  
t h r o u g h  t h e  p r o j e c t .  
The p r o j e c t  encompasses a p p r o x i m a t e l y  100,000 ac res ,  ha1 f o f  wh ich  a r e  
p a r t  o f  t h e  G i l a  R i v e r  I n d i a n  Reserva t ion .  The o t h e r  50,000 ac res  a r e  p r i -  
v a t e l y  owned by non- Ind ians .  The San C a r l o s  P r o j e c t  i s  a d m i n i s t e r e d  by  t h r e e  
o r g a n i z a t i o n s :  t h e  I n d i a n  bJorks, t h e  D i s t r i c t  Works, and t h e  J o i n t  Works. 
The I n d i a n  Works, wh ich  i s  under  t h e  j u r i s d i c t i o n  o f  t h e  Pima Agency o f  
Sacaton,  A r i z o n a ,  i s  r e s p o n s i b l e  f o r  d e l i v e r i n g  t h e  i r r i g a t i o n  w a t e r  a1 l o c a t e d  
t o  t h e  G i l a  R i v e r  I n d i a n  Reserva t ion .  The D i s t r i c t  Works, a  p r i v a t e  o r g a n i z a -  
t i o n ,  pe r fo rms  t h i s  same s e r v i c e  f o r  n o n - I n d i a n  lands .  The J o i n t  Works, wh ich 
i s  under t h e  j u r i s d i c t i o n  o f  t h e  U.S.  Bureau o f  I n d i a n  A f f a i r s ,  o p e r a t e s  and 
m a i n t a i n s  t h e  p o r t i o n s  o f  t h e  p r o j e c t  common t o  b o t h  t h e  I n d i a n s  and non- 
I n d i a n s ,  i . e . ,  dams, s t o r a g e  r e s e r v o i r s ,  c a n a l s ,  and i r r i g a t i o n  w e l l s .  
The San C a r l o s  P r o j e c t  i s  l o c a t e d  i n  a  r e g i o n  c h a r a c t e r i z e d  by  d e s e r t  
c o n d i t i o n s .  The lands  o f  t h e  p r o j e c t  a r e  f l a t  and d r y .  S i n c e  t h e  average 
annual  r a i n f a l l  i s  o n l y  8.04 i n . ,  i r r i g a t i o n  i s  a  c r u c i a l  f a c t o r  i n  m a i r l t a i n i r l g  
t h e  p r o d u c t i v i t y  o f  t h e  a r e a .  (The r e c e n t  d r o u g h t  i n  t h e  wes te rn  s t a t e s  
s e v e r e l y  a f f e c t e d  t h e  p r o j e c t .  A t  t h e  t i m e  o f  t h i s  s tudy ,  t h e  amount o f  s t o r e d  
su r face  w a t e r  was o n l y  20 p e r c e n t  o f  t h e  p r o j e c t ' s  t o t a l  c a p a c i t y . )  
The m a j o r  c r o p s  grown on t h e  p r o j e c t  a r e  c o t t o n ,  a l f a l f a ,  maize, h e g i r a ,  
wheat, and b a r l e y ,  w i t h  c o t t o n  b e i n g  t h e  m a i n  cash c r o p  (see  annual  c r o p  
r e p o r t  f o r  1976 shown i n  T a b l e  7 5 ) .  A g r i c u l t u r e  i s  t h e  b a s i s  o f  t h e  l o c a l  
T a b l e  75 
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A v e r a g e e r  Acre Cropped = $512.43 
Source: San Carlos I rr igat ion  Project - Arizona - Annual Irrigation Report, 1976, p. 25. 
economy. Most people l i v i n g  i n  t h e  a rea  a r e  economica l l y  t i e d  t o  a g r i c u l t u r e ,  
e i t h e r  d i r e c t l y  as farmers o r  i n d i r e c t l y  as fa rm equipment s u p p l i e r s .  
The San Car los  I r r i g a t i o n  P r o j e c t  was c rea ted  i n  1930 upon t h e  comple t ion  
o f  t h e  Coo l idge  Dam and Reservo i r .  The Coo l idge  Dam was cons t ruc ted  t o  p ro -  
v i d e  a  means o f  s t o r i n g  wa te r  f rom the  G i l a  R i ve r ,  and a  s e r i e s  o f  cana ls  now 
c a r r i e s  t h e  d i v e r t e d  wate r  t o  nearby a g r i  c u l  t u r a l  lands.  T h i s  s u r f a c e  supp ly  
i s  supplemented w i t h  a  number o f  i r r i g a t i o n  w e l l s  l o c a t e d  th roughou t  t h e  
p r o j e c t .  Though su r f ace  wate r  i s  t h e  p r ima ry  source o f  water ,  groundwater i s  
an i m p o r t a n t  source o f  supp ly  i n  d r y  years .  I n  1976, groundwater c o n s t i t u t e d  
34 pe rcen t  of t h e  t o t a l  amount o f  wa te r  supp l i ed .  
The energy r e q u i r e d  t o  supp ly  wa te r  f o r  t h e  p r o j e c t  i s  p rov ided  by pur -  
chased e l e c t r i c a l  power. The p r o j e c t  does m a i n t a i n  i t s  own power p l a n t  a t  
Coo l idge  Dam, b u t  f o r  a  number o f  years  t h e r e  has n o t  been enough s t o r e d  wate r  
t o  opera te  i t .  Furthermore, even when t h i s  gene ra t i ng  p l a n t  i s  ope ra t i ng ,  t h e  
energy i t  produces p rov i des  o n l y  a  sma l l  p o r t i o n  o f  t h e  p r o j e c t ' s  t o t a l  
energy requi rements  . 
The p r ima ry  energy requ i rement  f o r  pumping has been c a l c u l a t e d  u s i n g  a  
convers ion  f a c t o r  o f  11.11 MJ/kwh. The d i r e c t  energy requ i re r r~en t  f o r  supply-  
i n g  wa te r  can be c a l c u l a t e d  u s i n g  a  convers ion  f a c t o r  o f  3.6 MJ/kwh, which 
rep resen t s  o n l y  t h e  usab le  energy o f  each kwh and exc ludes energy i n p u t s  f o r  
e l e c t r i c a l  gene ra t i on  and t ransmiss ion .  
A l l  o f  t h e  energy r e q u i r e d  t o  supp ly  t h e  wate r  needed f o r  i r r i g a t i o n  i s  
consumed i n  t h e  pumping o f  groundwater.  Sur face  water  i s  d i s t r i b u t e d  by 
g r a v i t y  f l o w ,  so t h i s  p o r t i o n  o f  t h e  p r o j e c t  does n o t  r e q u i r e  any expend i t u re  
of energy. Thus, t h e  t o t a l  annual amount o f  energy consumed i s  d i r e c t l y  
dependent on t h e  amount o f  groundwater wi thdrawn. The p r o j e c t  r e l i e s  on i t s  
s u r f a c e  sources as much as poss ib l e ,  b u t  t h e  amount o f  s u r f a c e  wa te r  t h a t  can 
be s u p p l i e d  i n  a  g i ven  yea r  i s  governed by t h e  amount o f  p r e c i p i t a t i o n  t he  
area r e c e i v e s  d u r i n g  t h a t  t ime .  
The groundwater i s  ob ta i ned  f rom a  s e r i e s  o f  smal l  a q u i f e r s  r a t h e r  than  
frorn one l a r g e  a q u i f e r .  Consequently, t he  q u a l i t y  and depth of t he  groundwater 
v a r y  th roughou t  t h e  p r o j e c t .  Some p r o j e c t  w e l l s  pump wate r  from s h a l l o w  
a q u i f e r s ,  w h i l e  w e l l s  i n  o t h e r  l o c a t i o n s  must be d r i l l e d  deep t o  reach  wa te r .  
P r o j e c t  a d m i n i s t r a t o r s  a r e  unable  t o  q u a n t i f y  t h e  amount o f  groundwater r e -  
mai n i  r ~ g  i r ~  t h e  area because t h e  groundwater i s  purr~ped f rom a  s e r i e s  o f  
a q u i f e r s  i n s t e a d  o f  from a  s i n g l e  con t inuous  one. 
As p r e v i o u s l y  s t a t e d ,  t h e  San Car los  P r o j e c t  i n c l u d e s  a p p r o x i m a t e l y  
100,000 acres o f  l and .  However, because of a  l i m i t e d  s u p p l y  o f  r e a d i l y  a v a i l -  
a b l e  water ,  n o t  a l l  o f  t h e  100,000 ac res  a r e  developed. The a c t u a l  number of 
acres c u l t i v a t e d  f l u c t u a t e s  f rom y e a r  t o  y e a r  around an average o f  50,000 t o  
55,000 ac res .  Almost a l l  o f  t h e  c r o p l a n d  i s  i r r i g a t e d .  
The a c q u i s i t i o n  and d i s t r i b u t i o n  o f  t h e  p r o j e c t ' s  s u r f a c e  wa te r  does n o t .  
r e q u i r e  any e x p e n d i t u r e  o f  energy and i s ,  t h e r e f o r e ,  t h e  most economic means 
of s u p p l y i n g  wa te r .  For  t h i s  reason, t h e  number o f  acres farmed each year  i s  
dependent on t h e  amount o f  r a i n f a l l  t h e  a rea  r e c e i v e s .  Groundwater, because 
i t  i s  a  more c o s t l y  source o f  water  t o  deve lop,  has n o t  been tapped i n  a1 1  
areas of t h e  p r o j e c t .  T h i s  s i t u a t i o n  i s  p a r t i c u l a r l y  t r u e  f o r  Indian-owned 
land,  The I n d i a n  farmers  s i m p l y  l a c k  t h e  c a p i t a l  necessary t o  d r i l l  more w e l l s .  
Long-term p lans  i n d i c a t e  t h a t  t h e  number o f  ac res  c u l t i v a t e d  w i l l  n o t  
i nc rease .  P resen t  a v a i l a b l e  sources o f  water  w i l l  be u t i l i z e d  t o  m a i n t a i n  
t h e  c r o p l a n d  a l r e a d y  i n  ex is tence .  
Even though no expansion i n  t h e  acreage t o  be c u l t i v a t e d  i s  expected,  a l l  
i n d i c a t i o n s  a r e  t h a t  t h e  amount o f  energy consumed i n  s u p p l y i n g  wa te r  f o r  i r -  
r i g a t i o n  w i l l  i n c r e a s e .  T h i s  f a c t  i s  a t t r i b u t a b l e  t o  an i n c r e a s e  i n  t h e  arrlount 
o f  energy r e q u i r e d  t o  pump groundwater.  Data s p e c i f y i n g  t h e  approx imate aver -  
age s t a t i c  wa te r  l e v e l s  f o r  a l l  o f  t h e  p r o j e c t ' s  w e l l s  r e v e a l  t h a t  groundwater 
l e v e l s  a r e  d e c l i n i n g .  These d a t a  a r e  presented i n  Table  76 and i l l u s t r a t e d  i n  
F i g u r e  50. Groundwater i s  be ing  w i thd rawn f a s t e r  than  i t  i s  b e i n g  recharged.  
As t h e  wa te r  l e v e l s  d e c l i n e ,  more energy w i l l  be needed t o  pump t h e  groundwater 
t o  t h e  s u r f a c e .  Thus, mere ly  t o  m a i n t a i n  t h e  p r e s e n t  usage o f  groundwater w i l l  
r e q u i r e  add i  t i o n a l  energy.  
Table 76 
Historic Average Static Water Levels for 
All of the San Carlos Irrigation Project's Wells 
Year 
Average Depth to Groundwater 
(feet) 
*Data for years 1968-1975 were not available. 
Year 
Figure 50. Average s t a t i c  water l e v e l s  f o r  a1 1 p ro jec t  we1 1s during 
the yea r s  1936-1 977 f o r  the  San Carlos I r r i g a t i o n  P ro jec t .  
To p r o j e c t  t he  a c t u a l  amount o f  energy t h a t  w i l l  be r e q u i r e d  t o  supp ly  
i r r i g a t i o n  water  f o r  t h e  San Car los P r o j e c t  i n  f u t u r e  years,  t h e  h i s t o r i c  
amount o f  energy consumed per  u n i t  o f  water supp l i ed  was e x t r a p o l a t e d  u s i n g  
a  l i n e a r  regress ion .  Data f o r  t h e  years 1935 through 1976 were averaged i n  
f i ve - yea r  i n t e r v a l s ,  and these averages were ex t rapo la ted .  Data back t o  t h e  
year  1935 were used t o  b e s t  cap tu re  t h e  f l u c t u a t i o n s  i n  su r f ace  and ground- 
water  usage. (A spokesman f o r  t he  p r o j e c t  i n d i c a t e d  t h a t  a  wet yea r  u s u a l l y  
occurs every f i f t h  o r  s i x t h  year ,  r educ ing  t h e  amount o f  groundwater used 
d u r i n g  those years . )  The h i s t o r i c  amount o f  energy r e q u i r e d  per  u n i t  of 
water  supp l i ed  i s  presented i n  Table 77, and t he  p r o j e c t e d  energy requi rement  
f o r  t h e  years  1980, 1990, and 2000 i s  presented i n  Table 78. Both t h e  h i s -  
t o r i c  and p r o j e c t e d  energy requi rements a r e  i l l u s t r a t e d  i n  F i g u r e  51. These 
p r o j e c t i o n s  a r e  based on t he  assumpti on t h a t  groundwater 1  eve1 s  wi 11 con t i nue  
t o  d e c l i n e  a t  t h e  same r a t e  as i n  t he  pas t .  
Table 77 
H i s t o r i c  Pr imary Energy Requirement per  U n i t  of 
Water Supp l ied  f o r  t he  San Car los  I r r i g a t i o n  P r o j e c t  
Average Amount o f  Energy Required per  U n i t  o f  Water Supp l ied  
Years (MJ/mil g a l )  
The amount o f  wa te r  t o  be supp l i ed  i n  f u t u r e  years  i s  est i rnated t o  be 
8.5438 x  1010 g a l l y e a r  o r  234.08 mgd. Th i s  f i g u r e  i s  an average of t h e  t o t a l  
amount of water  supp l i ed  f o r  t h e  years  1934 through 1976. The p r o j e c t i o n  i s  
based on t h r e e  assumptions: 
1 .  The p r o j e c t  w i l l  n o t  develop any new sources o f  water  sunply,  e.g., 
i m p o r t a t i o n  o f  water .  
Year 
H i s t o r i c  Energy Requirement 
------ Projected Energy Requirement 
Note: The h i s t o r i c  data i s  averaged i n  f i ve-year  i n te rva l s ,  so the  avera@e energy requirement per u n i t  o f  water suppl ied 
f o r  t he  years 1935-1940 i s  represented by the  data p o i n t  a t  1940, 1945 represents t he  years 1941-1945, e t c .  
Figure 51. Historic and projected primary energy requirement per unit 
of water supplied for the San Carlos Irrigation Project. 
Table 78 
Projected Primary Energy Requirement per Uni t of 
Water Supplied for  the San Carlos I r r iga t ion  Project 
Year 
- -- 
Projected Energy Requirement per Uni t of Water Suppl i ed 
(HJ/mil ga l )  
2 .  There will  not be a substantial  increase in the number of acres 
i r r i ga t ed .  
3. Since the number of acres under cul t ivat ion will  not increase 
s ign i f ican t ly ,  the amount of water required for  i r r i ga t i on  w i  11  
remain re la t ive ly  fixed.  
The projected t o t a l  annual energy consumpti on was calculated by mu1 t i -  
plying the projected energy requirement per uni t  of water supplied times the 
estimated future  mgd times 365 days. These r e su l t s  are  presented in  Table 79 
and i l l u s t r a t e d  in Figure 52. 
Table 79 
Projected Total Annual Primary Energy Consumpti on 
of the San Carlos I r r iga t ion  Project  
Projected Energy Projected Total 
Requirement per Unit Projected Annual Energy 
of Water Supplied Water Demand Consumpti on 
Year (MJ/mil ga l )  (mi 1 gal /day) (MJ/year x l o8 )  
In 1975, the average amount of energy required per un i t  of water supplied 
was 14,524.6 MJ/mil ga l ,  and the to ta l  annual amount of energy consumed was 
12.6 x 108 MJ/year. These f igures ,  when compared to the  projection estimates 
fo r  the year 2000 1 i s ted  in  Table 79, indicate  tha t  by the  year 2000 there  will 
Year 
H i s t o r i c  T o t a l  Annual Energy Consumption 
------ P r o j e c t e d  T o t a l  Annual Energy Consumption 
Note: The h i s t o r i c  d a t a  i s  averaged i n  f i v e - y e a r  i n t e r v a l s ,  so t h e  average t o t a l  annual  energy consumption f o r  t h e  y e a r s  
1935-1940 i s  represen ted  by  t h e  d a t a  p o i n t  a t  1940, 1945 r e p r e s e n t s  t h e  y e a r s  1941-1945, e t c .  
Figure 52. H i s t o r i c  and pro jec ted  t o t a l  annual primary consumption 
f o r  t h e  San Carlos  I r r i g a t i o n  P ro jec t .  
be a 46.2 percent increase in the energy requirement per unit of water supplied 
and a 43.7 percent increase in the total  annual amount of energy consumed. 
These values represent primary energy. 
The projections presented in th i s  study of the San Carlos Irrigation 
Project are only rough estimates of future energy consumption and are  based 
on a particular s e t  of assumptions. I t  should be pointed out t h a t  future 
energy consumption will be dependent or1 a number of fac tors ,  not a1 1 of which 
have been considered in th is  p i lo t  study. The weather, for  example, i s  the 
most deciding and perhaps the most unpredictable factor affecting water supply 
in th is  area. Future droughts, such as the extensive one the region experienced 
in  1977, would severely diminish the project ' s  present sources of water. I t  i s  
possible t h a t  groundwater supplies may be depleted by the year 2000, requiring 
the construction of expensive and  energy-i ntensive water-acquisi t i  on projects 
i f  the present level of cultivation i s  t o  be maintained. Even i f  the ground- 
water i s  not to ta l ly  depleted by the year 2000, i t  may decline to  a 1 eve1 
where pumping becomes prohibitively expensive. If water shortages occur i n the 
future and new sources of water supply must be developed, the importance of the 
agricultural  production in th is  area will determine whether or- not the expense 
necessary to supply additional water i s  warranted. 
Arizona i s  presently one of the most rapidly growing areas in  the country, 
and water demand i s  a serious problem. Although t h i s  case study may not be a .  
typical Arizona i r r igat ion project with respect t o  the crops grown, local 
climatic conditions, or even the sources of water supply, i t  does represent the 
general'conditions that prevail in  Arizona. Agriculture i s  only one of many 
competing in teres ts  vying for a share of a limited supply of water. If agri-  
cultural growth i s  to  be maintained, or ,  as the San Carlos Irrigation Project 
demonstrates, even i f  the present level of developrrlent i s  t o  be sustained, a 
s ignif icant  amount of additional energy will be required. The resu l t s  of th i s  
study indicate that the water and energy problems in Arizona merit fur ther  
detailed study. 
All three i r r iga t ion  projects examined in th i s  paper a re  located in the 
arid Southwest, and a l l  are  withdrawing groundwater a t  a r a t e  f a s t e r  t h a n  
natural recharge. Virtually 100 percent of the high plains water supply comes 
from ground storage,  while Kern County, Cal i fornia ,  uses 60 t o  70 percent 
groundwater. In Arizona, the San Carlos Project  uses only about 35 percent 
grourldwater f o r  i r r i ga t i on .  Because the energy requirements f o r  ground and 
surface  supplies usually vary independently of one another,  t h e i r  r e l a t i v e  
share of the t o t a l  d i r ec t l y  influences the evolution over time of energy re-  
quired per mil gal of i r r i ga t i on  water supplied. The eff ic iency of pumping 
a l so  d i f f e r s  in  these areas and i s  an important f ac to r  in projecting un i t  
energy requirements f o r  i r r i ga t i on .  One s a l i e n t  and dist inguishing charac- 
t e r i s t i c  of the h i g h  plains i s  the present t r an s i t i on  t o  more e f f i c i e n t  pumping 
un i t s .  Sudden changes in  the pr ice  and a v a i l a b i l i t y  of natural gas in t h i s  
area a r e  providing a major incentive fo r  energy conservation. As a r e s u l t ,  
many old ,  i ne f f i c i en t  pumps a r e  presently being replaced, and the energy 
required t o  obtain each un i t  of groundwater i s  expected t o  ac tua l ly  decrease 
s l  igh t ly  between 1974 and 2000 even though the water t ab le  wi 11 decline over 
t h i s  period. There i s  c lea r ly  an upper bound to  the pumping eff ic iency t ha t  
can be achieved with present technology, b u t  the increasing pr ice  of energy 
across the nation should, a t  l e a s t  in the near term, s t i ~ n u l a t e  cap i ta l  invest-  
ment t o  minimize energy cos t s .  In the two other i r r i ga t i on  p ro jec t s ,  where 
pumping e f f i c ienc ies  a r e  not expected t o  increase as s i gn i f i c an t l y  the un i t  
energy requirernerlts of groundwater, purnpi ng should increase in  corresporldence 
with the lowering of the water t ab le .  
In terms of the to ta l  energy requirements t o  supply water, the major 
d i f ference among these projects  i s  the change in i r r i ga t ed  acreage expected 
i n  the future .  In the high plains of Texas, i r r i ga t ed  acreage i s  expected t o  
shrink by approximately 45 percent between 1974 and the year 2000. In the  
San Carlos Project  of Arizona, the amount of land i r r iga ted  wil l  be v i r t ua l l y  
unchanged between 1975 and 2000. Kern County, in con t ras t  t o  the other areas,  
i s  expected t o  increase the acreage under i r r i g a t i o n  by about 16 percent be- 
tween 1975 and 2000. Because the i r r iga ted  acreage in the San Carlos Project  
i s  e ssen t ia l ly  f ixed ,  the increase in  t o t a l  energy i s  concommi t a n t  with the 
increased energy required per mil gal obtained. In Kern County, Cal i fornia ,  
expanding agr icul tura l  productiorl causes a greater  i r~crease i n the to ta l  energy 
required between 1975 and 2000 than occurs in  the energy required per mil gal .  
The change in to ta l  energy required over time in the high plains i s  pa r t i cu la r ly  
in te res t ing  because i t  accentuates the complexities of t rend- l ine  projection.  
A d e c l i n e  i n  wate r  t a b l e  increases t h e  energy r e q u i r e d  per  u n i t  o f  water  
pumped a t  a  g i ven  pumping e f f i c i e n c y ,  b u t  i t  may r e s u l t  i n  a  r e d u c t i o n  of t h e  
t o t a l  energy requi rement  f o r  t h e  area. I f  inc reased  pumping cos ts  exceed t he  
p r o f i t s  a v a i l a b l e  f rom c rop  sa les,  land  w i l l  be taken o u t  o f  p roduc t i on .  Th is  
c u r r e n t  t r e n d  i n  t h e  h i g h  p l a i n s  cou ld  r e s u l  t by t he  yea r  2000 i n  a  45 percen t  
r e d u c t i o n  i n  i r r i g a t e d  acreage and a  60 pe rcen t  r e d u c t i o n  i n  t o t a l  energy used 
t o  o b t a i n  water  f o r  i r r i g a t i o n .  Looking pas t  t h e  year  2000, however, out-of-  
s t a t e  water  impo r ta t i on ,  if i t  occurs,  w i l l  most 1  i k e l y  cause a  d ramat ic  
inc rease  i n  t h e  t o t a l  energy r e q u i r e d  i n  t h i s  area. 
Energy p r o j e c t i o n s  based on t h e  phys i ca l  c h a r a c t e r i s t i c s  o f  a  water-supply  
system such as depth t o  groundwater and on h i s t o r i c  t rends  i n  a g r i c u l t u r a l  
growth a r e  improved i f  t h e  economic c o n d i t i o n s  govern ing t h e  f u t u r e  can be 
s imu l taneous ly  p ro j ec ted .  Increases i n  depth t o  groundwater, i nc reases  i n  
energy costs ,  and inc reases  i n  o t h e r  cos t s  o f  i r r i g a t i n g  d i r e c t l y  i n f l u e n c e  t he  
demand f o r  wa te r  as m a r g i n a l l y  p r o f i t a b l e  acreage i s  f o r c e d  o u t  of p roduc t ion .  
A d e c l i n e  i n  t h e  supply  o f  a g r i c u l t u r a l  cornmodi t i e s  may, however, have an equal 
and oppos i t e  r e a c t i o n ,  i n c r e a s i n g  c rop  p r i c e s  and drawing acreage back i n t o  
p roduc t ion .  An impo r tan t  re f inement  o f  t h i s  energy study, t he re fo re ,  would be 
an examinat ion o f  t he  i n f l u e n c e  t h a t  f l u c t u a t i o n s  i n  market  p r i c e s  f o r  energy, 
crops, land,  and o t h e r  commodities r e l a t e d  t o  i r r i g a t i o r ~  have on t h e  demand 
f o r  wa te r .  
To assess t h e  importance o f  changes i n  t h e  p r o j e c t e d  energy requi rements 
f o r  these i r r i g a t i o n  p r o j e c t s ,  data f rom t h e  FEA P r o j e c t  Independence r e p o r t  
a re  used. FEA p r o j e c t i o n s  i n d i c a t e  t h a t  w i t h o u t  enerqy conserva t ion  t he  
i nc rease  i n  t h e  o v e r a l l  demand f o r  energy i n  t he  U.S. w i l l  i n c rease  app rox i -  
ma te l y  69 pe rcen t  between 1977 and 2000. Under c o n d i t i o n s  o f  an energy conser- 
v a t i o n  scenar io ,  t h e  "Conservat ion Ma jo r  S h i f t "  case, a  46 percen t  i nc rease  i n  
n a t i o n a l  energy consumption i s  p r o j e c t e d  f rom 1977 through 2000. Over t h i s  
same t ime per iod ,  t he  t o t a l  energy r e q u i r e d  f o r  water  supp l i es  i n  t he  San 
Car los  P r o j e c t  and i n  Kern County, C a l i f o r n i a ,  i s  p r o j e c t e d  t o  i nc rease  44 per-  
cen t  and 63 percent ,  r e s p e c t i v e l y .  For  t h e  Texas h i g h  p l a i n s  a  62 percen t  
decrease i s  a n t i c i p a t e d  i n  t h e  t o t a l  energy r e q u i r e d  t o  supp ly  i r r i g a t i o n  water 
between 1977 and 2000. Based on t h e  P r o j e c t  Independence data,  inc reases  i n  
the  energy r e q u i r e d  f o r  these i r r i g a t i o n  p r o j e c t s  do n o t  exceed p r o j e c t e d  
i nc reases  i n  n a t i o n a l  consumption o f  energy under t h e  base case scenar io .  
Even under t he  FEA' s  long- term energy conse rva t i on  scenar io ,  o n l y  t h e  Kern 
County area i s  p r o j e c t e d  t o  have energy requ i rements  i n c r e a s i n g  somewhat 
ahead o f  t h e  n a t i o n a l  average. 
Because these i r r i g a t i o n  p r o j e c t s  a r e  a l l  l o c a t e d  i n  wa te r - sho r t  areas 
o f  t h e  a r i d  Southwest, t hey  should  r e p r e s e n t  upper bounds on t h e  g rowth  i n  
energy r e q u i r e d  t o  supp ly  water  f o r  i r r i g a t i o n .  Water f o r  i r r i g a t i o n  i n  t h e  
Midwest and Southeast, f o r  example, i s  more p l e n t i f u l  as a  r u l e  and o f t e n  
a v a i l a b l e  f rom s u r f a c e  supp l i es .  As a  r e s u l t ,  t h e r e  w i l l  ve r y  l i k e l y  be a  
s lower  growth r a t e  i n  t h e  energy r e q u i r e d  t o  supp ly  water  t o  these areas i n  
t h e  f u t u r e  t han  w i l l  occur  i n  t h e  i r r i g a t i o n  p r o j e c t s  presented.  Large 
unexpected inc reases  i n  t he  acreage under i r r i g a t i o n  o r  t he  occurrence of 
pe r vas i ve  drought ,  however, would g r e a t l y  a c c e l e r a t e  t h e  r a t e  a t  which energy 
i s  used t o  o b t a i n  water  f o r  i r r i g a t i o n .  I t  i s  a l s o  p robab le  t h a t  a f t e r  t h e  
y e a r  2000 i n t e r b a s i n  water  i m p o r t a t i o n  w i  11 be a  more common means of o b t a i n i n g  
water  f o r  i r r i g a t i o n .  Water t r a n s f e r s  over  l o n g  d i s t a n c e  o r  t o  h i g h  e l e v a t i o n s  
s i g n i f i c a n t l y  i nc rease  energy requi rements  f o r  i r r i g a t i o n ,  as i n d i c a t e d  by an 
eva l  u a t i o n  o f  i m p o r t a t i o r ~  p roposa ls  i n  the  Texas h i g h  p l a i n s .  I m p o r t a t i o n  of 
water  f rom t h e  M i s s i s s i p p i  R i v e r  t o  t he  Texas Panhandle, f o r  example, cou ld  
cause an o rde r  o r  magnitude i nc rease  i n  t h e  energy r e q u i r e d  f o r  each u n i t  of 
water  impor ted.  
I n  s h o r t ,  an immense number o f  v a r i a b l e s  w i l l  i n t e r a c t  t o  d e f i n e  t he  
f u t u r e  demand f o r  i r r i g a t i o n  water  and t h e  assoc ia ted  energy requ i rement .  
H i s t o r i c  t r ends  i n  weather p a t t e r n s  and economic c o n d i t i o n s  i n  a g r i c u l t u r a l  
markets,  app l  i ed t o  s p e c i f i c  areas, however, suggest t h a t  t he  energy r e q u i r e d  
t o  o b t a i n  water  f o r  i r r i g a t i o n  w i l l  n o t  i n c rease  f a s t e r  than  t he  energy r e -  
qu i rements  f o r  t h e  n a t i o n  as a  whole, a t  l e a s t  u n t i l  t h e  yea r  2000. 
5 CONCLUSION 
T h i s  r e p o r t  i s  a  p i l o t  s t u d y  in tended  t o  de te rm ine  i f  t h e  g rowth  r a t e  i n  
t h e  energy r e q u i r e d  by wa te r -supp ly  and - t r e a t m e n t  systems between 1977 and 
2000 war ran ts  an e x a c t i n g  , q u a n t i t a t i v e ,  and d i  saggregated a n a l y s i s  of  these  
systems. Because t h e  energy requ i rements  f o r  wa te r  s u p p l y  and t r e a t m e n t  r e -  
q u i r e  o n l y  abou t  2  p e r c e n t  o f  t h e  n a t i o n a l  energy b u d t e t ,  l i t t l e  a t t e n t i o n  has 
been g i v e n  t o  t h e  energy i n p u t s  r e q u i r e d  i n  o p e r a t i o n  o f  these  systems. De- 
t a i l e d  c o m p i l a t i o n s  o f  energy and m a t e r i a l  i n p u t s  t o  w a t e r  systems have r a r e l y  
been made. T h i s  p i l o t  s tudy,  t h e r e f o r e ,  emphasizes o n l y  t h e  p r i m a r y  energy 
r e q u i r e d  t o  o p e r a t e  each system as an aggregate.  
The p r o j e c t e d  energy requ i rements  o f  t h e  s i x  c i t i e s  examined i n  t h i s  p i l o t  
s t u d y  i n d i c a t e  t h a t  t h e  energy needed t o  s u p p l y  wa te r  w i l l  be a  r e g i o n a l  r a t h e r  
than  a  n a t i o n a l  problem. For  example, i n  n o r t h e r n  and e a s t e r n  c i t i e s  (such as 
Chicago), wh ich  have ample s u p p l i e s  o f  wa te r ,  and i n  c i t i e s  such as S t .  L o u i s  
and New Orleans,  wh ich  have d e c l i n i n g  p o p u l a t i o n s ,  t h e  energy needed t o  s u p p l y  
w a t e r  w i l l  n o t  be a  m a j o r  concern.  However, i n  t h e  a r i d  Southwest, a  r e g i o n  
w i t h  l i m i t e d  s u p p l i e s  o f  w a t e r  and an i n c r e a s i n g  p o p u l a t i o n ,  t h e  energy needed 
t o  s u p p l y  w a t e r  w i l l  become i n c r e a s i n g l y  i m p o r t a n t .  A f t e r  t h e  y e a r  2000, t h e  
energy t o  supp ly  w a t e r  w i l l  r i s e  more r a p i d l y  as e n e r g y - i n t e n s i v e  w a t e r - s u p p l y  
systems such as d e s a l i n a t i o n ,  i n t e r b a s i  n  t r a n s f e r s ,  and wa te r  reuse  p r o j e c t s  * 
become more widespread. I n  t h e  Southwest p a r t i c u l a r l y ,  w a t e r - c o n s e r v a t i o n  
p r a c t i c e s  aimed a t  l o w e r i n g  t h e  demand f o r  wa te r  w i l l  be v e r y  i m p o r t a n t .  
An a n a l y s i s  o f  t h e  energy r e q u i r e d  f o r  sewage t r e a t m e n t  i s  presented f o r  
12 geograph ica l  r e g i o n s  o f  t h e  c o u n t r y  as w e l l  as f o r  t h e  n a t i o n  as a  whole. 
C a l c u l a t i o n s  based on USEPA d a t a  sources i n d i c a t e  t h a t  t h e  g rowth  r a t e  i n  t h e  
energy r e q u i r e d  f o r  sewage t r e a t m e n t  ac ross  t h e  U n i t e d  S t a t e s  and i n  each o f  
t h e  r e g i o n s  d e f i n e d  w i l l  be c o n s i d e r a b l y  h i g h e r  than t h e  g rowth  i n  n a t i o n a l  
energy consumpt ion between 1977 and 1990. T h i s  h i g h  g rowth  r a t e  i n  t h e  energy 
r e q u i r e d  f o r  sewage t r e a t m e n t  w i l l  occur  because a  g r e a t e r  percentage o f  t h e  
p o p u l a t i o n  w i l l  be s e r v i c e d  by m u r ~ i c i p a l  sewage f a c i l i t i e s  and i n c r e a s i n g l y  
s t r i n g e n t  w a t e r - q u a l i t y  r e g u l a t i o n s  w i l l  be enforced.  A f t e r  1990, t h e  g rowth  
r a t e  i n  t h e  energy r e q u i r e d  f o r  sewage t r e a t m e n t  may be even h i g h e r  t h a n  i n  t h e  
preced ing  decade as i n c r e a s i n g  numbers o f  advanced- t reatment  f a c i l i t i e s  come 
on l i n e .  
Because t h e  i n c r e a s e  i n  energy requ i rements  w i l l  be so r a p i d  and because 
many techno1 o g i c a l  t r e a t m e n t  o p t i o n s  a r e  a v a i l a b l e  t o  m u n i c i p a l i t i e s ,  a  p r e c i s e  
d e l i n e a t i o n  o f  t h e  energy requ i rements  f o r  d i f f e r e n t  t r e a t m e n t  s t r a t e g i e s  i s  
d e s i r a b l e .  U n l i k e  t h e  energy needs f o r  water  supp ly ,  which a r e  r e g i o n a l  i n  
c h a r a c t e r  and t i e d  t o  s p e c i f i c  geograph ica l  and t o p o g r a p h i c a l  c o n d i t i o n s  , 
energy f o r  sewage t r e a t m e n t  i s  p r i m a r i l y  i n f l u e n c e d  by t e c h n o l o g i c a l  f a c t o r s .  
A  c a r e f u l  d e s c r i p t i o n  o f  t h e  energy and m a t e r i  a1 f 1  ows o f  a1 t e r n a t i v e - t r e a  tment 
o p t i o n s  s h o u l d  be prepared and used as an i m p o r t a n t  deterrr l inant i n  d e c i s i o n s  
abou t  which new p l a n t s  w i l l  be b u i l t  and how e x i s t i n g  f a c i l i t i e s  w i l l  be up- 
graded. I n c r e a s i n g  a t t e n t i o n  should  a l s o  be g i v e n  t o  t h e  p o s s i b i l i t i e s  f o r  
energy c o n s e r v a t i o n ,  such as use o f  methane gas generated i n  anaerob ic  d i g e s -  
t i o n  o f  s ludge.  The USEPA has a l r e a d y  begun work on a  new s e t  o f  c r i t e r i a  t o  
be used by c o n s t r u c t i o n  g r a n t  r e v i e w  boards a t  b o t h  t h e  s t a t e  and f e d e r a l  
1  eve1 . M u n i c i p a l i t i e s  a p p l y i n g  f o r  f e d e r a l  a s s i s t a n c e  i n  c o n s t r u c t i o n  of sewage 
f a c i l i t i e s  w i l l  be r e q u i r e d  t o  submi t  a1 t e r n a t i v e  p roposa ls ,  each of which must 
c h a r a c t e r i z e  t h e  pr i rnary  e n e r g y . r e q u i r e d  t o  r u n  t h e  p l a n t  p l u s  t h e  i n d i r e c t  
energy requ i rements  consumed as chemica ls ,  f i l t e r  media, and o t h e r  m a t e r i a l s .  
These p roposa ls  shou ld  ensure an a p p r o p r i a t e  w e i g h t i n g  o f  b o t h  o p e r a t i n g  and 
maintenance requ i rements  and i n i t i a l  c a p i t a l  c o s t s .  
The energy requ i rements  f o r  t h r e e  i r r i g a t i o n  areas a r e  e s t i m a t e d  i n  t h i s  
r e p o r t .  Each o f  t h e  areas-Kern County, C a l i f o r n i a ,  t h e  Texas h i g h  p l a i n s ,  and 
San Car los ,  A r i z o n a - i s  l o c a t e d  i n  t h e  a r i d  Southwest and e x t r a c t s  a t  l e a s t  a  
p o r t i o n  of i t s  wa te r  requ i rement  f rom groundwater s u p p l i e s .  Based on t h e  energy 
r e q u i  rerrlents p r o j e c t e d  f o r  these t h r e e  l o c a t i o n s  between 1977 and 2000, t h e  
g rowth  i n  t h e  energy r e q u i r e d  t o  s u p p l y  wa te r  f o r  i r r i g a t i o n  w i l l  n o t  exceed t h e  
growth i n  n a t i o n a l  energy consunlption d u r i n g  t h i s  p e r i o d .  These a reas ,  however, 
would e x h i b i t  a  more s i g n i f i c a n t  growth i n  t h e  energy r e q u i r e d  t o  s u p p l y  i rr i -  
g a t i o n  wa te r  i f  a g r i c u l t u r a l  p r o d u c t i o r l  were t o  i n c r e a s e  o r  even t o  be main- 
t a i n e d ,  as i n  t h e  case o f  t h e  Texas h i g h  p l a i n s ,  where acreage i s  p r e s e n t l y  
b e i n g  wi thdrawn f rom p r o d u c t i o n .  Even so, t h e  energy requ i rements  t o  supp ly  
wa te r  f o r  i r r i g a t i o n  a r e  n o t  a  s h o r t - t e r m  problem because n e i t h e r  t h e  p a t t e r n  
o f  a g r i c u l t u r a l  p r o d u c t i o n  nor  t h e  mechanism o f  wa te r  s u p p l y  p r e s e n t l y  i n  use 
i s  expected to change dramatically before the end of the century. After the 
year 2000, however, groundwater depletion or degradation of water quality may 
necessitate systerns in some areas of the Southwest i f  the United States i s  to 
retain i t s  global ro le  as a major food producer. New water supplies from 
desalination, interbasin transfer,  or water reuse will consume significantly 
more energy than i s  presently necessary to obtain water for i r r igat ion.  A 
careful examination of the trade-offs among energy consumption, water consump- 
t ion,  and food production i s  important in assessment of long-range water-supply 
a1 ternatives. The financial productivity of water in i t s  competing uses should 
be calculated, b u t  these calculations should be supplemented with estimates of 
public or social costs and benefits before such estimates are used to  guide 
policy decisions. Attention must be given to the costs incurred in other 
geographical areas or in other economic sectors when addi t ior~al  water supplies 
are  diverted t o  or from agriculture. 
The resul ts  of this  study indicate tha t  ( in  the absence of severe drought) 
before the year 2000 energy requirements for water supply and water treatment 
will most l ikely be met without major problems. Additional analysis of the 
long-term options for  water supply in the arid Southwest and for  sewage t reat-  
ment throughout the United States should be undertaken, however, i f  the nation 
i s  to  successfully meet both the demand for energy and the demand for  water 
a f t e r  the year 2000. Regional planning and multipurpose construction of water 
systems should be emphasized in these studies.  In addition, alternatives 
should be compared on the basis of comprehensive cost-benefit analysis in which 
the pol i t i  cal , economic, geographic, environmental , and social variables that  
influence water consumption and i t s  associated energy requirements are 
simultar~eously considered. The energy requirement for  water supply and ,water 
treatment i s  exceedir~gly important because i t  re f lec ts  ways in which our 
physical environment i s  affected in maintenance of water systems, b u t  i t  i s  
only one of many important factors that  must be considered in the attempt to 
ensure ef f ic ient  a1 1 ocation of resources. 
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DATA FORM 
WATER SUPPLY SYSTEM 
I 1. Present  sou rce ( s )  o f  water  supply and percentage  o f  t o t a l  supply:  
! 
i 
Source % of  To ta l  Supply 
1 2 .  Please  g ive  a b r i e f  d e s c r i p t i o n  of  t h e  t rea tment  process  you employ ( i . e ,  sequence 
o f  t rea tment  u n i t s  used i n  p roces s ) .  
I 
1 
3 .  We would a p p r e c i a t e  it i f  you could supply us  with t h e  fo l lowing  h i s t o r i c a l  da t a .  
A s  we explained i n  ou r  l e t t e r ,  t h i s  d a t a  i s  e s s e n t i a l  f o r  us  t o  determine t r ends  
1 and t o  make p r o j e c t i o n s .  We have d iv ided  t h e  d a t a  by sources :  s u r f a c e  and ground. P l ea se  n o t e  t h e  d i f f e r e n t  yea r s  reques ted  i n  each t a b l e .  I f  your community uses  ground water  and i f  ground water  records  a r e  r e a d i l y  a v a i l a b l e ,  we would be i n t e r -  
e s t e d  i n  knowing t h e  depth t o  ground water  no t  on ly  f o r  t h e  yea r s  l i s t e d  on t h e  
1 
1 form, bu t  a l s o  f o r  t h e  yea r s  p r i o r  t o  1950 ( i n  f i v e  year  i n t e r v a l s ) .  
Surface Water Supp ly  
Survey of Energy Requirements t o  Supp ly  Water Over Time 
PERCENTAGE OF TOTAL SUPPLY: 
POPULATION SERVED: 
AVERAGE DAILY FLOW (MGD)- 
Withdrawals : 
Loss (e.g. backwashing) : 
Net Supply: 
ENERGY - 
ENERGY CONSUMED IN TREATMENT 
PROCESS- 





ENERGY CONSUMED IN DISTRIBUTION- 
E lec t r i c i ty -  Purchased: 
On-Site: 
Other: 
TOTAL AMNT. OF ENERGY CONSUMED 
BY SYSTEM- 
Elec t r i c i ty -  Purchased: 
On-Site: 
Natural Gas: 
Fuel O i l :  
Coal : 
DISTRIBUTION- (Average dis tance 
t r e a t e d  water is  t ranspor ted) :  
I 
1966 1950 1965 
-- 
1060 1967 1 068 
S u r f a c e  Water Supply 
Survey of Energy Requirements t o  Supply Water Over Time 
PERCENTAGE OF TOTAL SUPPLY: 
POPULATION SERVED: 
AVERAGE DAILY FLOW (t.U;D) - 
Withdrawals : 
Loss ( e  .g. backwashing) : 
Net Supply: 
ENERGY- 
ENERGY CONSLMED IN TREATPENT 
PROCESS- 
E l e c t r i c i t y -  Purchased:  
On-Site: 
Natura l  Gas: 
Fuel O i l  : 
Coal : 
ENERGY CONSUMED IN DISTRIBUTION- 
E l e c t r i c i t y -  Purchased:  
On-Site: 
Other:  
TOTAL MINT. OF ENERGY CONSUMED 
BY SYSTEM- 
E l e c t r i c i t y -  Purchased:  
On-Site:  
Natura l  Gas: 
Fuel  O i l :  
Coal : 
DISTRIBUTION- (Average d i s t a n c e  
t r e a t e d  wate r  is  t r a n s p o r t e d ) :  
1970 1974 1971 1972 1975 1973 1976 
Groundwater Supply 
Survey of Energy Requirements t o  S u p p l y  Water Over Time 
I PERCENTAGE OF TOTAL SUPPLY: 
I I I 
AVERAGE DAILY FLOW (MGDI- I 1 1 I I 
POPULATION SERVED: 
I\'i thdraval  s : 
Loss (e.g. aqu i fe r  recharge):  
Net Supply: 
ENERGY CONSLIMED I N  PUMPING- 
E l e c t r i c i t y -  Purchased: 
On-Slte: 
- 
I I I I 
~ ~ t u r a l  bas: I I I I I 
ENERGY CONSLIMED I N  TREAThIENT 
PROCESS- 
E l c c t r i c i t y -  Purchased: 
ENERGY CONSLIIIED I N  DISTRIBUTION- 






TOTAL MNT. OF ENERGY CONSUMED 
BY SYSTEM- 
E l e c t r i c i t y -  Purchased: 
On-Site: 
Natural  Gas: 
Fucl O i l :  
Coal : 
AVERAGE DEPTH TO GROUND WATER: 
DISTRIBUTION- (Average d i s t ance  
t r e a t e d  water is  t r anspor ted) :  1. 
Groundwater Supply 
Survey of Energy Requirements to  Supply Water Over Time 
- < 
1Pithdrawals : 
Loss (e.  g .  a q u i f e r  recharge) : 
N e t  Supply: 
PERCEXTAGE OF TOTAL SUPPLY: 
POPULATION SERVED: 
AVERAGE DAILY FLOW fMGD1- 
ENERGY COSSUMED IN TREATMENT 
PROCESS- 
E l e c t r i c i t y -  Purchased: 
Url-Slt e : 
Natural  Gas: 
kuel U 1 1 :  
,--A . 
ENERGY CONSUMED IN PUMPING- 
E l e c t r i c i t y -  Purchased: 
On-Site: 
" + I .  ...-. 
ENERGY CONSU3IED IN DISTRIBUTION- 





TOTAL MINT. OF ENERGY CONSUMED 
BY SYSTEh1- 






AVERAGE DEPTH TO GROUND WATER: 
1974 
DISTRIBUTION- (Average d i s t a n c c  
t r e a t e d  water i s  t r anspor t ed )  : 
I 
1975 . '1976 
4. W i l l  your p r e s e n t  sources  of  supply meet demands i n  1980? Yes 
- 
No 
i n  1990? Yes No 
-
i n  2000? Yes No 
5. If p r e s e n t  sources  w i l l  be  inadequate  t o  meet f u t u r e  demaqds, what a d d i t i o n a l  
o r  a l t e r n a t i v e  sources  a r e  you cons ide r ing?  
6 ,  What i s  t h e  p r o j e c t e d  popu la t i on  t o  be se rved  by your system i n  t h e  fo l lowing  
y e a r s  ? 
Year 
-
Pro jec t ed  Popula t ion  t o  b e  Served 
APPENDIX 2 
Primary and Secondary Energy Requirements f o r  D r i l l i n g  Wells 
M, Woo, i n  h i s  r e c e n t l y  completed s t udy ,  "Energy and Ma te r i a l  Requirements 
of Crude O i l  Product ion,"  u se s  t h e  1972 Census o f  Manufactures ,  SIC 13818-01 
p- 
" D r i l l i n g  O i l ,  Gas, Dry, S e r v i c e  Wells," t o  c a l c u l a t e  t h e  pr imary and secondary 
energy r e q u i r e d  t o  d r i l l  we l l s .  H i s  e s t i m a t e  i n d i c a t e s  t h a t  565 M J  a r e  r e q u i r e d  
p e r  f o o t  d r i l l e d .  We t a k e  t h i s  va lue  a s  o u r  (approximate) average of  t h e  energy 
r e q u i r e d  i n  d r i l l i n g  w e l l s  f o r  wate r  supply.  
